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INTEGRATED VCO 

BACKGROUND OF THE INVENTION 

Voltage control oscillators (VCO) play a key role in a number of applications which 
require a variable frequency source, such as phase locked loops, and the like. In aji exemplary 
phase lock loop (PLL), a VCO might be used as an oscillator that produces a variable frequency 
as controlled by a (illered output from a phase detector. A phusc lock loop is a device that is 
capable of being programmed to generate a desired frequency. Once it approximates the 
frequency, the frequency is divided down to a value of a reference frequency, provided by an 
extertiai oscillator, ajid compared to that reference frequency. When the difference between the 
reference frequency and the generated frequency reaches zero, the phase lock loop slops tuning 
and locks to the frequency thai il has just produced. The frequency reference used to tunc the 
phase lock loop is typically provided by a single frequency oscillator circuit. Alternatively, a 
series of multiple oscillators may be used to provide a range of frequencies. However, the 
multiple oscillator approach would not provide a continuously variable frequency output. 

A VCO, typically found in a PLL, generates signals that are phased locked to a reference 
frequency. Thus, the VCO must provide an output signal phase locked lo the reference 
frequency. 

VCOs contained in PLLs are also required to produce a stable reference frequency. A low- 
phase noise present in the VCO output is desirable to produce a stable output. 

VCOs typically accomplish a change in frequency by changing a value of capacitance in 
the VCO circuitr)'. Capacitors may be discretely switched in by mechanical switches, or may be 
a continuously variable mechanical type, or as is typically the case, a variable capacitance is 
provided by a device that provides a capacitance proportional to an applied voltage. In a given 
circuit, variations and component values will require an adjustable capacitance lliat will 
compensate for a component spread to provide a variable capacitance that allows a desired range 
of tuning frequencies lo be produced by the VCO. The effects of component spread are 
magnified when a VCO is disposed on an integrated circuit substrate. Components constructed 
on an integrated circuit substrate typically have wide variations and component values. Thus, 
the variable capacitance devices used to tune voltage control oscillators are required to have a 
wider tuning range of capacitances to compensate for die spread in integrated circuit component 
values. 

Those having skill in the art would understand the desirability of having a voltage conU"ol 
oscillator capable of being integrated on an integrated circuit substrate that does not have the 
problem of requiring a large variable capacitance tuning range. This type of device would 
necessarily provide higher integrated circuit yields by providing a VCO requiring less of a 
variable tuning vollage range, thus allowing a tunable VCO to be economically integrated onto 
an integrated circuit. 
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SUMMARY OF THE INVENTION 

There is therefore provided in a present embodiment of the invention an integrated VCO. 
The VCO comprises, a substrate, a VCO tuning control circuit responsive to a VCO state variable 
that is disposed upon the substrate, and a VCO disposed upon the substrate, having a tuning 
control voltage input falling within a VCO tuning range for adjusting a VCO frequency output, 
and having its tuning range adjusted by the tuning control circuit in response to the VCO state 
variable. 

Many of the attendant features of this invention will be more readily appreciated as the 
same becomes better understood by reference to the following detailed description considered 
in connection with the accompanying drawings. 
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DESCRIPTION OF THE DRAWINGS 

These and other features and advantages of the present invention will be better understood 
Iroin the following detailed description read in light of the accompanying drawings, wherein 

FIG. I is an illustration of a portion of the over-the-air broadcast spectrum allocations in 
the United Slates; 

PIG. 2 is an illustration of the frequency speclruni of harmonic distortion products; 
FIG. 3 is an illustration of a spectrum of even and odd order intermodulation distortion 
products; 

FIG. 4 is an illustration of interference caused at the IF frequency by a signal present at 
the image frequency; 

1-lG. 5 is an illustration of a typical dual conversion receiver utilizing an up conversion 
and a subsequent down conversion; 

OSCILLATOR FIGUllES 

FIG. 6 is a semi-schematic simplified liming diagram of differential signals, including a 
common mode component, as might be developed by a differential crystal oscillator in 
accordance with the invention; 

FIG. 7 is a semi-schematic block diagram of a differential cr>'stal oscillator, including a 
quartz crystal resonator and oscillator circuit differentially coupled to a linear buffer ampiifier 
in accordance with the invention; 

FIG. S is a simplified schematic illustration of differential signals present at the output of 
a cr)'stai resonator; 

FIG. 9 is a simplified schematic diagram of a quartz crystal resonator equivalent circuit; 

FIG. 10 is a simplified graphical representation of a plot of impedance vs. frequency for 
a crystal resonator operating near resonance; 

FIG. 1 1 is a simplified graphical representation of a plot of phase vs. frequency for a 
crystal resonator operating near resonance; 

FIG. 12 is a simplified schematic diagram of the differential oscillator circuit of FIG. 7; 

FIG. 13 is a simplified, semi-schematic block diagram of a periodic signal generation 
circuit including a crystal oscillator having balanced differential outputs driving cascaded linear 
and non-linear buffer stages; 

FIG. 1 4 is a simplified schematic diagram of a differential folded cascade linear amplifier 
suitable for use in connection with the present invention; 

FIG. 1 5 is a simplified, semi-schematic diagram of a differential nonlinear buffer amplifier 
suitable for use as a clock buffer in accordance with the invention; 

FIG. 16 is a semi-schematic illustration of an alternative embodiment of the differential 
oscillator driver circuit; 
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1 FIG. 17 is an block diagram of a differential crystal oscillator as a reference signal 

generator in a phase-lock-loop; 

FIG. 18 is a simplified block diagram of an illustrative frequency synthesizer that might 
incorporate the differential periodic signal generation circuit ofthe invention; 

5 

COARSR/FINE PLL TUNING FIGURES 

FIG. 19 is a block diagram illustrating the exemplary frequency conversions for receiver 
tuning utilized in the embodiments ofthe invention; 

FIG. 20 is a block diagram of an exemplary tuner designed to receive a 50 to 860 MHz 
10 bandwidth containing a multiplicity of channels; 

FIG. 2 1 is an exemplary table of frequencies utilizing coarse and fine FLi. tuning toderive 
a 44 MHz IF; 

FIG. 22 is an illustration of an alternative embodiment ofthe coarse and tine PLL tuning 
method to produce an exemplary final IF of 36 MHz; 
1 5 PIG. 23 is a block diagram of a dummy component used to model an operative component 

on an integrated circuit chip; 

FILTER TUNING FIGURES 

FIG. 24a is a block diagram of a tuning process; 
20 FIG. 24b is a flow diagram ofthe tuning process; 

FIG. 24c is an exemplar)' illustration ofthe tuning process; 

FIG. 25 is a block diagram of an exemplary tuning circuit; 

FIG. 26 illustrates the amplitude and phase relationship in an LC filter at resonance; 
FIG. 27 is a schematic diagram showing the configuration of switchable capacitors in a 
25 differential signal transmission embodiment; 

ACTIVE FILTER MULTI-TRACK INTEGRATED SPIRAL INDUCTOR FIGURES 

FIG. 28a is a plan view of a multi-track spiral inductor suitable for integration onto an 

integrated circuit, such as one produced with a CMOS process; 
3Q PIGS. 28b-28g illustrate various planar devices comprising inductor and transformer 

configurations suitable for incorporating multiple tracks into their designs; 

FIG. 28h is an illustration of a second embodiment of an inductor having a single winding 

comprising five tracks per layer; 

FIG. 28i illustrates the placement of tracks in a layered structure; 
35 FIG. 28j is an illustration of an embodiment utilizing a shield disposed beneath an 

inductor; 

FIG. 28k is an illustration of a patterned shield 2864 that is utilized beneath a multi-track 
inductor; 
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1 FIG. 29 is an illustration of the effect of decreasing "Q" on the selectivity of a tuned 

circuit; 

FIG. 30 is an illustration of a typical filter bank utilized in cmbodiincnts of the invention 
for filtering I and Q IF signals; 

5 

ACTIVE FILTER UTILIZING A LINEARIZED DIFFERENTIAL PAIR AMPLIFIER FIGURES 
FIG. 31a is a diagram of an exemplary diffcrctuial Iransconductancc stage with an LC 

load; 

FIG. 31b is a block diagram of a linearized differential pair amplifier that is coupled to 
10 distortion canceling linearization circuit; 

FIG. 3 1 c is an illustration depicting a representative channel of any one of the typical Held 
effect of transistors Ml, M2, M3, M4; 

FIG. 3 Id is a block diagram showing the interconnection of a differential pair amplifier 
to a linearization circuit; 
15 FIG. 31e is a schematic illustrating a CMOS differential pair of transistors; 

FIG. 3 1 f is a graph of a differential current (AI, ,=AIj) and normalized u-ansconductance 
(G„/gJ as input voltage (Vj„=AVj) is varied in the differential pair of FIG. 31e; 

FIG. 3 Ig is a schematic diagram of a differential pair amplifier 3 1 27 with a second cross 
coupled ditfcreniial pair error amplifier added that tends to reduce distortion; 
20 FIG. 3 Ih is a graph illustrating The linearized output current ofa cross coupled differential 

output amplifier; 

FIG. 3 1 i is a scheEiiatic of a differentia! pair amplifier incorporating two auxiliar>' cross- 
coupled differential pairs to improve linearization of the output response I, and I,; 

FIG. 3 Ij is a graph of the currents present in the main and tv^o auxiliary differential pair 
25 amplifiers graphed against input voltage as measured across the input terminals where 
Vin = V„-V„; 

FIG. 3 Ik is a graph of transconductance curves for the differential amplifier made up of 
a main differential pair amplifier 3103 and a linearization circuit comprising differential pair 
amplifiers; 

30 FIG. 3 1 1 illustrates an equivalent circuit that provides an offset voltage V^^ that permits 

shaping of The G„^°^^ curve; 

FIG. 3Im is a graph of the transconductance curve for The exemplary differential pair 
amplifier that extends the input voltage range by allowing ripple in the overall G„ of the 
amplifier; 

35 FIG. 32 shows a transconductance stage with an LC load and Q enhancement; 

ACTIVE FILTER INDUCTOR Q TEMPERATURE COMPENSATION FIGURE 
FIG. 33 shows a method of tuning inductor Q over temperature; 
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COMMUNICATIONS RECEIVER FIGURE 

FIG. 34 is a block diagram of a communications network utilizing a receiver accordmg 
to any one of the exemplary embodiments of the invention; 

RECEIVER FRONT END-PROGRAMABLE ATTENUATOR AND LNA FIGURES 

FIG. 35 is an is an illustration of the input and output signals of the integrated sw.tchless 
orocrammable attenuator and low noise amplifier; 

FIG. 36 i.s a functional block diagram of .he integrated swi,chlcs.s prograuunable 
attenuator and low noise amplifier circuit; 

FIG 37 is a simplified diagram showing the connection ofmuiliplc attenuator sect.ons to 
the output of the integrated swhchless programmable attenuator and low no.se amphi.er; 

FIG. 38 is an illustration of an exemplary embodiment showmg how the attenuator can 
be removed from the circuit so that only the LNAs are connected; 

FIG 39 is an attenuator circuit used to achieve one dB per step attenuation; 

FIG. 40 is an exemplary embodiment of an attenuator for achieving a finer resolution m 
attenuation then shovm in FIG. 5; „, . j • .u. 

FIG 41 is an illustration of the construction of series and parallel resistors used m the 
attenuator circuit of the integrated switchless programmable attenuator and low no.se amplifier; 

FIG. 42 is an illustration of a preferred embodimem ut.lized to turn on current ta.ls ot the 

differential amplifiers; . , 

FIG 43 is an illustration of an embodiment showing how the individual con.rol signals 

used to turn on md.vidual differential pair an^phfiers are generated from a single control signal; 
FIGS. 44a and 44b are illustrations of an embodiment of comparator circuitry used to 

activate individual LNA amplifier stages; 

RECEIVER FREQUENCY PLAN AND FREQUENCY CONVERSION 
LOCAL OSCILLATOR RELATIONSHIP FIGURE 

FIG. 45a is a block diagram illustrating the exemplary generation of the local oscillator 
signals utilized in the embodiments of the invention; 

NARROW BAND PLL2 AND VCO FIGURES 

FIG. 45b is a block diagram that Illustrates the relation of the VCO to the second LO 

ecneration by PLL2. > ■ 

FIG 45c is a block diagram of an embodiment of a VCO utilizing a tun.ng control circuit; 
FIG. 45d is a block diagram of an embodiment of a VCO utilizing a tuning control circuit 

showing tuning control circuit interaction with major VCO components; 

FIG. 45e is a schematic of a feedback network that allows the frequency of oscillation to 

be adjusted; 
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FIG. 45f is a schematic of a feedback network that allows the frequency of oscillation to 

be adjusted by varactor tuning including NMOS devices; 

rig. 45g is a graph of capacitance verses control voltage applied to an NMOS varactor; 

PIG. 45h is a graph illustrating average capacitance achievable with an NMOS varactor; 

riG. 45i is a schematic of an embodiment of a VCO; 

FIG. 45j is a schematic of aji equivalent circuit of the VCO of FIG. 45i; 

FIG. 45k is a schematic of a tuning control circuit controlling switched capacitors to center 
a varactor tuning range; 

FIG. 46a is a schematic of a PLL having its VCO controlled by an embodiment of a VCO 
tuning eonirol cireuit; 

FIG. 46b illustrates a pulse train output of the phase deteetor, 

NARROW BAND VCO TUNING FIGURES 

FIG. 47a is a process flow diagram illustrating the process of tuning the VCO with aji 
embodiment of a VCO control circuit; 

FIG. 47b is a flow diagram of a PLL start up and locking process for an embodiment of 
the invention; 

FIG. 47c is a graph of a family of frequency verses control voltage for various capacitor 
values that illustrates the use of comparator hysteresis to aid in achieving a frequency lock 
condition; 

FIG. 47d is a graph of a family of frequency verses control voltage for various capacitor 
values thai illustrates the use of dual comparator windows to aid in achieving a frequency lock 
condition; 

RECEIVER FIGURES 

FIG. 48 is a block diagram of the first exemplary embodiment of the invention; 

FIG. 49 is an illustration of the frequency planning utilized in the exemplary embodiments 
of the invention; 

FIG. 50 is a block diagram showing how image frequency cancellation is achieved in an 
I/Q mixer; 

FIG. 51 is a block diagram of the second exemplary embodiment of the present invention; 
FIG. 52 is a block diagram of the third exemplary embodiment of the present invention; 
FIG. 53 is a block diagram of a CATV tuner that incorporates the fully integrated tuner 
architecture; 

TELEPHONY OVER CABLE EMBODIMENT FIGURE 

FIG. 54 is a block diagram of a low power embodiment of the receiver that has been 
configured to receive cable telephony signals. 
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ELECTRONIC CIRCUITS INCORJ^ORATING EMBODIMENTS OF THE RECEIVER 
FIGURES 

FIG. 55 is a block diagram of a set top box that incorporates the receiver embodiments; 
FIG. 56 is a block diagram of a television that incorporates the receiver embodiments; 
FIG. 57 is a block diagram of a VCR that incorporates the receiver embodimenls; 
FIG. 58 is a block diagram of a cable modem that incorporates the integrated swiichlcss 
programmable attenuator and low noise amplifier; 

ESD PROTEC HON FIGURES 

FIG. 59 is aji illustration of a typical integrated circuit die lay out; 

FIG. 60 illustrates an embodiment of the invention that utilizes pad ring power and ground 
busses; 

FIG. 6 1 is an illustration of the connection of a series of power domains to a pad ring bus 
structure; 

FIG. 62 is an illustration of an embodiment utilizing an ESD ground ring; 

FIG. 63 is an illustration of the effect of parasitic circuit elements on an RF input signal; 

FIG. 64 illustrates a cross-talk coupling mechanism; 

FIG. 65 is an illustration of an ESD device disposed between a connection to a bonding 
pad and power supply traces; 

FIG. 66 is an illusuation of parasitic capacitance in a typical bonding pad urrimgement on 

an integrated circuit; 

FIG. 67 is an illusU-ation of a embodiment of a bonding pad arrangement tending to reduce 
parasitic capacitances; 

FIG. 68 illustrates a cross section of the bonding pad structure of FIG. 67; 

FIGS. 69a-69e illustrate various ESD protection schemes utilized in the state of the art to 
protect an integrated circuit from ESD discharge due to charge build up on a die pad; 

FIG. 70 illustrates an approach to pad protection during ESD event; 

FIG. 71is a schematic of a circuit immune to noise that uses an ggNMOS* Cg^and a gate 
boosting structure to trigger ESD protection; 

FIG. 72 is a schematic of an altemativc embodiment utilizing the gate boosting structure 

and a cascode configuration; and 

FIG. 73 is a schematic of an embodiment that does not require a quiet power supply. 

IF AGC AMPLIFIER FIGURES 

FIG. 74 is a block diagram of a variable gain amplifier ("VGA"); 

FIG. 75, is a block diagram of the internal configuration of the VGA and the linearization 
circuit; 
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FIG. 76 is a graph of gain versus the control current iSig. Control current iSig is shown 

as a fraction of i Atten, with the lota! current being equal to 1 , or 1 00%; 

FIG. 77 is the schematic diagram of an embodiment of the VGA. The VGA has a control 

circuit to control the Vj^ of MIC and M13 at node 7505, and the V^^ of M4 and M14 at node 

7507; 

FIG. 78a illustrates a family of curves showing the relationship of a transistor's drain 
current C'lj") to its gate source voltage C'V^,/') measured at each of a series of drain source 
voltages ("V^;') from 50 mV to I V; 

FIG. 78b is a graph of g^ verses V^^^ as Vj^ is varied from 50 mV to 1 V; 

FIG. 78c is a graph of the cross-section of FIG. 78b plotting g,„ verses Vj^ for various 
values of Vj.^; 

FIG. 79 is a schematic of a current steering circuit; and 

FIG. 80 is a schematic of a VDl control signal generation circuit. 
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1 DETAILED DESCRIPTION OF THE INVENTION 

FIG. I is an illustration of a portion of the radio frequency spectrum allocations by the 
FCC. Transmission over a given media occurs at any one of a given range of frequencies that 
are suitable for transmission through a medium. A set of frequencies available for transmission 

5 over a medium are divided into frequency bands 102. Frequency bands are typically allocations 
of frequencies for certain types of transmission. For example FM radio broadcasts, FM being a 
type of modulation, is broadcast on tlie band of frequencies from 88 MHz to 108 MHz 104. 
Amplitude modulation (AM), another type of modulntion, is allocated the frequency band of 540 
kHz to 1 ,600 kHz 1 06. The frequency band for a type of transmission is typically subdivided into 

10 a number of channels. A channel 1 12 is a convenient way to refer to a range of frequencies 
allocated to a single broadcast station. A station broadcasting on a given channel inay treinsmil 
one or more radio frequency (RF) signals within this band to convey the information of a 
broadcast. Thus, several frequencies transmitting within a given band may be used to convey 
information from a transmitter to a broadcast receiver. For example, a television broadcast 

1 5 channel broadcasts its audio signal(s) 108 on a frequency modulated (FM) carrier signal within 
the given channel. A TV picture (P) 1 10 is a separate signal broadcast using a type of amplitude 
modulation (AM) called vestigial side band modulation (VSB), and is transmitted within this 
channel. 

In FIG. 1 channel allocations for a television broadcast band showing the locations of a 

20 picture and a sound carrier frequencies within a channel are shown. Each channel 112 for 
television has an allocated fixed bajidwidth of 6 MHz. Tlie picture 1 10 and sound 108 carriers 
are assigned a fixed position relative to each other within the 6 MVlz band. This positioning is 
not a random selection. The picture and sound carriers each require a predetermined range of 
frequencies, or a bandwidth (BW) to sufficiently transmit the desired information. Thus, a 

25 channel width is a fixed 6 MHz, with the picture and sound carrier position fixed within that 6 
MHz band, and each carrier is allocated a certain bandwidth to transmit its signal. 

In FIG. I it is seen that there are gaps between channels 114, and also between carrier 
signals 116. It is necessary to leave gaps of unused frequencies between the carriers and between 
the channels to prevent interference between channels and between carriers within a given 

30 channel. This interference primarily arises in the receiver circuit that is used to receive these 
radio frequency signals, convert them to a usable frequency, and subsequently demodulate them. 

Providing a signal spacing allows the practical design and implementation of a receiver 
without placing unrealistic requirements on the components in the receiver. The spaces help 
prevent fluctuations in the transmission frequency or spurious responses that are unwanted 

35 byproducts of the transmission not to cause interference and signal degradation within the 
receiver. Also, signal spacing allows the design requirements of frequency selective circuits in 
the receiver to be relaxed, so that the receiver may be built economically while still providing 
satisfactory performance. These spectrum allocations and spacings were primarily formulated 
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when the slate of the art in receiver design consisted of discrete components spaced relatively far 

apart on a printed circuit board. The increasing trend towards miniaturization has challenged 
these earlier assumptions. The state of the art in integrated circuit receiver design has advanced 
such that satisfactory performance must be achieved in light of the existing spectrum allocations 
ajid circuit component crowding on the integrated circuit. New ways of applying existing 
technology, as well as new technology arc continually being applied to realize a miniaturized 
integrated receiver that provides satisfactory performance. Selectivity is a principal measure of 
receiver performimce. Designing for sufficient selectivity not only involves rejecting other 
channels, but the rejection of distortion products that are created in the receiver or are part of the 
received signal. Design for minimization or elimination of spurious responses is a major 
objective in siaie of the art receiver design. 

Fl(}. 2 is an illustration of harmonic distortion products. Transmitted spurious signals, and 
spurious signals generated in a receiver, most commonly consist of harmonics created by one 
frequency and intermodulalion distortion, created by the interaction of multiple frequencies. 
Spurious signals at other than the desired frequency arise from the inherent nonlinear properties 
in the circuit components used. These noniinearities can not be eliminated, but by careful 
engineering the circuitry can be designed to operate in a substantially linear fashion. 

When a single frequency called a fundamental 202 is generated, unwanted spurious signals 
204 are always generated with this fundamental. The spurious signals produced as a result of 
generating a single frequency (0 202 ixrc called harmonics 204 and occur at integer multiples of 
the fundamental frequency (2f, 3f, ...) The signal strength or amplitude of these harmonics 
decrease \vi(h increasing hannonic frequency. Fortunately these distortion products fall one or 
more octaves away from the desired signal, and can usually be satisfactorily filtered out with a 
low pass filter that blocks all frequencies above a pre-selected cut-off frequency. However, if 
the receiver is a wide band or multi octave bandwidth receiver, these harmonics will fall within 
the bandwidth of the receiver and cannot be low pass filtered, without also filtering out some of 
the desired signals. In this case, other methods known to those skilled in the art, such as reducing 
the distortion products produced, must be used to eliminate this distortion. 

Radio signals do not exist in isolation. The radio frequency spectrum is populated by 
many channels within a given band transmitting at various frequencies. When a radio circuit is 
presented with two or more frequencies, these frequencies interact, or inlermodulate, to create 
distortion products that occur at known frequency locations. 

FIG. 3 is an illustration of intermodulation distortion products. Whenever two or more 
frequencies are present they interact to produce additional spurious signals that are undesired. 
FIG. 3 illustrates a spurious response produced from the interaction of two signals, f, 302 and fj 
304. This particular type of distortion is called intermodulation distortion (IMD). These 
intermodulation distortion products 306 are assigned orders, as illustrated. In classifying the 
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1 distortion the IM products are grouped into two families, even and odd order IM products. Odd 
order products arc shown in FIG. 3. 

hi a narrow band systems the even order IM products can be easily fiilered out, like 
harmonics, because they occur far from the two original frequencies. Tlie odd order IM products 

5 306 fall close to the two original frequencies 302, 304. In a receiver these frequencies would be 
two received signals or a received channel and a local oscillalor. These products are difficult to 
remove. The third order products 306 arc the most problematic in receiver design because they 
are typically the strongest, and fall close within a receiver's tuning band close to the desired 
signal. IM distortion performance specifications are important because they are a measure of llie 

10 receiver's immunity to strong out of baiid signal interference. 

Third order products 308 occur at (f, - Af) and at (f, + Af), where Af = f, - f,. These 
unwanted signals may be generated in a transmitter and transmitied along with desired signal or 
are created in a receiver. Circuitry in the receiver is required to block these signals. These 
unwanted spurious responses arise from nonlinearities in the circuitry liiat makes up the receiver. 

1 5 The circuits that make up the receiver though nonlinear are capable of operating linearly 

if the signals presented to the receiver circuits are confined to signal levels within a range that 
does not call for operation of the circuitr>' in the nonlinear region. This can be achieved by 
careful design of the receiver. 

For example, if an amplifier is over driven by signals presented to it greater than it was 

20 designed to amplify, the output signal will be distorted. In an audio amplifier this distortion is 
heard on a speaker. In a radio receiver the distortion produced in nonlinear circuits, including 
amplifiers aiid mixers similarly causes degradation of the signal output of the receiver. On a 
spectrum analyzer this distortion can be seen; levels of the distortion increase to levels 
comparable to the desired signal. 

25 While unwanted distortion such as harmonic distortion, can be filtered out because the 

harmonics most often fall outside of the frequency band received, other distortion such as inter- 
modulation distortion is more problematic. This distortion falls within a received signal band 
and cannot be easily filtered out without blocking other desired signals. Thus, frequency 
planning is often used to control the location of distortion signals that degrade selectivity, 

30 Frequency planning is the selection of local oscillator signals that create the intermediate 

frequency (IF) signals of the down conversion process. It is an analytical assessment of the 
frequencies being used and the distortion products associated with these frequencies that have 
been selected. By evaluating the distortion and iU strength, an engineer can select local oscillator 
and IF frequencies that will yield the best overall receiver performance, such as selectivity and 

35 image response. In designing a radio receiver, the primary problems encountered are designing 
for sufficient sensitivity, selectivity and image response. 



-12- 



wo 00/72446 PCT/USOO/ 1 4683 

Selectivity is a measure of a radio receiver's ability to reject signals outside of the band 
being tuned by a radio receiver. A way to increase selectivity is to provide a resonant circuit after 
an antenna and before the receiver's frequency conversion circuitry in a "front end." For 
example, a parallel resonant circuit after an antenna and before a first mixer that can be tuned lo 
the band desired will produce n high iiupaiance lo ground at the center of thi- bund. The higli 
inipedance will allow the anleona signal lo develop a voltage across this impedance. Signals out 
of band will not develop the high voltage mid arc thus attenuated. 

The out of band signal rejection is determined by a quality factor or *'Q" of components 
used in the rcsonani circuit. The higher the Q of a circuit in the preselector, the sleeper the slope 
of the impedajice curve lhai is characlcrislic of the preselector will be. ,'\ steep curve will 
develop a higher voliage at resonance for signals in band compared to signals out ol'bajid. For 
a resomuu circuit with low Q a voltage developed across the rcsonani circuit at a tuned frequency 
band will be closer in value to the voltage developed across the resonani circuit out of band. 
Thus, an out of band signals would be closer in ajnplitude to an in band signals than if a high Q 
circuit were constructed. 

This type of resonant circuit used as a preselector will increase frequency selectivity of a 
receiver that has been designed with this slage at its input. If an active preselector circuit is 
used between an antenna and frequency conversion stages, the sensitivit}' of the receiver will be 
increased as well as improvmg selectivity. If a signal is weak its level will be close to a 
background noise level that is present on an antenna in addition to a signal. If this signal cannot 
be separated from tiic noise, the radio signal will not be able to be convened to a signal usable 
by the receiver. Within the receiver's signal processing chain, the signal's amplitude is decreased 
by losses at every stage of the processing. To make up for this loss the signal can be amplified 
initially before it is processed. Thus, it can be seen why it is desirable to provide a circuit in the 
receiver that provides frequency selectivity and gain early in the signal processing chain. 

Radio frequency tuners are increasingly being designed with major portions of their 
circuitry implemented as an integrated circuit. In the state of the art to minimize distortion 
products created in the receiver, exotic materials such as gallium arsenide (GaAs) are used. A 
receiver implemented on this type of material will typically have lower distortion and noise 
present than in a similarly constructed receiver constructed on silicon. Silicon, is an attractive 
material due to its low cost. In addition, a CMOS circuit implemented on silicon has the 
additional benefit of having known processing characteristics that allow a high degree of 
repeatability from lot to lot of wafers. The state of the art has not achieved a completely 
integrated receiver in CMOS circuitry. A reason for this is the difficulty of eliminating receiver 
distortion and noise. 

The distortion products discussed above that are created in the receiver can, in the majority 
of cases, also be reduced by setting an appropriate drive level in the receiver, and by allowing a 
sufficient spacing between carriers and channels. These receiver design parameters are 
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1 dependent upon many other factors as well, such as noise present in the system, frequency, type 
of modulation, and signal strcni-th among others. Noise is one of the most important of these 
other parameters that detcmiines the sensitivity of llie receiver, or how well a weak signal may 
be satisfactorily received. 

5 Noise is present with the transmitted signal, and also generated within a receiver. If 

excessive noise is created in a receiver a weak signal may be losl in a "noise floor". This nie;u)S 
that the strength of the received signal is comparable to the strength of the noise present, and the 
receiver is incapable of satisfactorily separating a signal out of this background noi.se, or noor. 
To obtain satisfactory performance a "noise floor- is best reduced early in a receiver's chain of 

1 0 circuit componenls. 

Once a signal is acquired and presented to a receiver, in particularly an integrated receiver 
with external pins, additional noise may be radiated onto those pins. Thus, additional added 
noise at the receiver pins can degrade the received signal. 

In addition to the noise that is present on an antenna or a cable input to a receiver, noise 

1 5 is generated inside the radio receiver. At a Ul IF frequency range this internal noise predominates 
over the noise received with the signal ofinterest. Thus, for the higher frequencies the weakest 
signal that can be detected is determined by the noise level in the receiver. To increase tlic 
sensitivity of the receiver a "pre-amplificr" is often used after an antenna as a receiver front end 
to boost the signal level that goes into the receiver. This kind of pre-amplification at the front 

20 end of the amplifier will add noise to the receiver due to the noise that is generated inside of this 
amplifier circuit. However, the noise contribution of this amplifier can be minimized by using 
an amplifier that is designed to produce minimal noise when it amplifies a signal, such a.s an 
LNA. Noise does not simply add from stage to stage; the internal noise of the first amplifier 
substantially sets the noise floor for the entire receiver. 

25 In calculating a gain in a series of cascaded amplifiers the overall gain is simply the sum 

of the gains of the individual 

amplifiers in decibels. For example, the total gain in a series of two amplifiers each having a 
gain of 10 dB is 20 dB for a overall amplifier. Noise noor is commonly indicated by the noise 
figure (NF). The larger the NF the higher the noise floor of the circuit. 
30 A cascaded noise figure is not as easily calculated as amplifier gain; its calculation is non- 

intuitive. In a series of cascaded amplifiers, gain does not depend upon the positioning of the 
amplifiers in the chain. However, in achieving a given noise figure for a receiver, the placement 
of the amplifiers is critical with respect to establishing a receiver's noise floor. In calculating the 



35 
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noise figure for an electronic system Friis' equation is used to calculate the noise figure of the 
entire system. Friis' equation is: 



NF, - 1 NF, - 1 NF-] 

S NF = 'VF -» + . . ♦ ~ • 

' G, Gfi, G,G,...G„ 

^^loiai system noise figure 
AT, = noise figure of stage- 1 
NF^ - noise figure orsiagc-2 
10 A'f „ = noise figure ofstage-uth 

G, = gain of" stage- 1 
G, = gain of stage-2 
Gn = gain of /ith stage 



1 5 What can be seen from this equation is thai the noise figure of a first stage is the predominant 
contributor to a total noise figure. For example, the noise figure of a system is only increased a 
small aniouni when a second amplifier is used. Thus, it can be seen that the noise figure of the 
first amplifier in a chain of amplifiers or system components is critical in maintaining a low noise 
fioor for an entire system or receiver. A low NF ajnplifier typically requires a low noise material 

20 for transistors^ such as gallium arsenide. Later amplifiers that do not contribute significantly to 
the noise, are constmcicd of a cheaper and noisier material such as silicon. 

The initial lovs- noise amplifiers are typically constructed from expensive materials such 
as gallium arsenide to achieve sufficient performance. Gallium arsenide requires special 
processing, further adding to its expense. Additionally, GaAs circuits are not easily integrated 

25 with silicon circuits that make up the bulk of the receivers in use. It would be desirable to 
achieve identical performance with a less cosily material, such as silicon. Silicon requires less 
costly processing. Further it is advantageous if a standard process, such as CMOS, could be used 
to achieve the required low noise design. Given the trend towards miniaturization and high 
volume production, it is highly desirable to be able to produce an integrated receiver with a low 

30 noise floor on silicon. 

Within a receiver the layout and spacing of circuitry is critical to avoid the injection of 
noise generated in other portions of the circuit onto a received signal. If a tuner is placed on a 
semiconductor substrate noise generated in the substrate itself will interfere with, and degrade 
the received signal, this has been a problem preventing complete integration of a receiver on 

35 silicon. 

Historically low noise substrates, fabricated from exotic and costly materials such as 
gallium arsenide have been used to reduce noise generated by the semiconductor substrate. 
However, it would be advantageous to be able to fabricate a receiver on a single CMOS substrate. 
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CMOS advanlagepusly is a known process lhal may be implemenled economically for volume 
production. Currently a receiver fybricaicd completely in CMOS has not been available without 
utilizing external components in the received signal path. Each lime the signal routed on or 
off of the integrated circuit additional opportunities for the imroduciion of noise into a signal path 
are provided. Minimizing ihiii introduction of noise is an ongoing problem m receiver design. 

After preselection and low noise amplification thai is perlormed in a front end of a 
receiver, the signal next enters the receiver's frequency conversion circuitry. This circuitry takes 
channels thai have been passed through the front end and converts one of the selected channel's 
frequencies down to one or more known frequencies (f„ or IFs). This frequency conversion is 
accomplished through the use of a circuit called a mixer that utilizes a local oscillator signal 
usually generated in the receiver, to tune a received channel to IF frequency while blocking 
the other channels. Spurious signals, previously described, are produced in this receiver circuito', 
and an additional problem known as "image response" is encountered that must be considered 
in the receiver's design. 

It is well known to those skilled in the art that when two sinusoidal signals of differing 
frequencies are multiplied together by their application to a nonlinear device, such as a mixer, 
that signals of a differing frequency are produced. A mixer has tliree ports: receives a low 
level radio frequency signal that contains the desired modulation, {^_o is a high level signal from 
a local oscillator, and f.^ is the resultant mixer product or inlcmiediaie frequency produced. 
These frequencies are related: 



(2) 



fiF = mfj^inf^o 
where m=0, 1, 2, 3. ... and 
n=0, 1,2,3, ... 

In a typical first order circuit (m=n= 1 ) four frequencies are produced: f^f . fLo, f|FLO=^Rf '^lo 
and fiFHrfar+fLO. A f.^^o and f.p^, being termed intermediate frequencies. In receivers the 
common practice is to select either the sum or difference IF frequency by filtering out the 
undesired one. Since both signals comain the same information, only one is needed in the 
subsequent circuitry. 

One or more mixers are advantageously used in radio receivers to convert a high frequency 
radio signal which is received into a lower frequency signal that can be easily processed by 
subsequent circuitry. Mixers are also used to tune multiple channels, so that different tuned 
circuits are not required for each channel. By changing a local oscillator frequency, differing 
radio frequencies received can be tuned to produce a constant intermediate frequency value 
regardless of the frequency of the received channel. This means that circuit components used 
to process the intermediate frequency may be fixed in value, with no tuning of capacitors or coils 
required. Thus, circuits in an IF strip are all fixed-tuned at an IF frequency. A receiver 
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1 constructed in this manner, using one or more frequency conversions, is called a superheterodyne 
radio receiver. 

A disadvajilagc of a superheterodyne radio receiver is that any of the one or more local 
oscillators within the receiver also acts as a miniature transmitter. A receiver *'front end" 
5 alleviates this problem by isolating an antenna from the remaining receiver circuitry. 

By positioning a radio frequency amplifier between the antenna and the frequency 
converting stages of a receiver, additional isolation between the receiver circuitry and the antenna 
is achieved. The presence of an amplifier stage provides attenuation for any of the one or more 
local oscillator signals from the frequency conversion stages that are radiated back towards the 
10 anleiuia or a cable distribution network. This increased isolation has the benefit of preventing 
radiation of a local oscillator signal out the antenna which could cause radio frequency 
interference from a local oscillator. If radiated these and other signals present could create 
interference in another receiver present at another location. 

FIG. 4 is an illustration that shows an image frequency's 402 relation to other signals 
1 5 present 404, 406, 408 at a mixer. Image frequency suppression is an important parameter in a 
receivers design. In a radio receiver two frequencies input to a radio receiver 404, 406 will yield 
a signal at the IF frequency 408. A receiver will simultaneously detect signals at the desired 
frequency 404 and also ajiy signals present at an undesired frequency known as the image 
frequency 402. If there is a signal present at the image frequency, it will translate down to the 
20 IF frequency 408 and cause interference with the reception of the desired channel. Both of these 
signals vvill be converted to the IF frequency unless the receiver is designed to prevent this. The 
image frequency 402 is given by: 

f,= f,P+2f„ (3) 

25 

where f, is the image frequency. This is illustrated in FIG. 4. A frequency that is spaced the IF 
frequency 410 below the local oscillator frequency (fRf) 404, and a frequency that is spaced the 
intermediate frequency 4 1 2 above the local oscillalor signal (f,) 402, will both be converted down 
to the intermediate frequency (f,f:)408. The usual case is that a frequency that occurs lower than 

30 the local oscillator signal is the desired signal. The signal occurring at the local oscillator 
frequency plus the inlenmediale frequency 402 is an unwanted signal or noise at that frequency 
that is converted to the IF frequency causing interference with the desired signal. 

In FIG. 4 the exemplary 560 ICHz signal 404 is a radio station that the tuner is tuned to 
receive. The exemplary 1470 KHz signal 402 is another radio station transmitting at that 

35 particular frequency. If a designer of the receiver had picked an exemplary local oscillator signal 
of 1 01 5 KHz 406 then both of these radio stations would be simultaneously converted to an 
exemplary IF frequency of 455 KHz408. The person listening to the radio would simultaneously 
hear both radio programs coming out of his speaker. This illustrates the need for die careful 
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1 selection of local oscillator frequencies when designing a radio receiver. The sclcciion oflocal 
oscillator frequencies is a part of frequency planning and used by those skilled in the art to design 
a receiver thai will provide frequency conversions needed with niinimai distortion, 

FIG. 5 illustrates a dual (or double) conversion receiver 502. Such a multiple conversion 
5 receiver allows selectivity, distortion and stability to be controlled through a judicious frequency 
planning. In the double conversion receiver 502 a received signal 504 is first mixed 506 to a first 
intermediate frequency, and then mixed 508 down to a second inlermediale frequency. In this 
type of receiver the first IF frequency is made to be high so thai a good image rejection is 
achieved. The second IF is made low so that good adjacent channel selectivity is achieved. 
10 If the first IF frequency is low an image frequency falls higher in frequency, or closer to 

the center ofa pass band of an RF selecliviiy curve of a receiver "front end," 510 ;md undergoes 
little attenuation. If the IF frequency is high the image frequency falls far down on tlic skirt of 
the RF selectivity curve for the receiver "front end" receiving a required attenuation. Thus, the 
selectivity of the receiver acts to attenuate the image frequency when a high IF frequency is used. 
15 As an added benefit a high image frequency provides less of a chance for interference from a high 
powered station. This is because at higher frequencies transmitted power is often lower due to 
the difficulties in generating RF power as frequency increases. 

A low second IF frequency produces a good adjacent channel selectivity. Frequency 
spacing between adjacent channels is fixed. To prevent interference from adjacent channels the 
20 receiver must possess a good selectivity. Selectivit>- can be achieved through a RF tuned circuit, 
and more importantly by the superior selectivit) provided by a frequency conversion process. 
The select.vit)' improvement given by using a low IF is shoun by considering a percent 
separation ofa desired and an undcsired signal relative to total signal bandwidth. If a separation 
between the desired and undesired signals is constant a second IF signal falling at the lower 
25 frequency will give a larger percent separation between the signals. As a result it is easier to 
distinguish between IF signals that are separated by a larger percentage of bandwidth. Thus, the 
judicious selection of two intermediate frequencies in a double conversion receiver is often used 
to achieve a given design goal, such as image frequency rejection and selectivity. 

Additionally, the use ofa second IF frequency allows gain in the receiver to be distributed 
30 evenly. Disuibuting gain helps prevent instability in the receiver. Instability usually is seen as 
an oscillating output signal 5 1 2. Distributing the gain among several IF amplifiers 5 1 4, 5 1 6, 5 1 8 
reduces the chance of this undesirable effect. Often to further distribute the gain required in a 
system design a third frequency conversion, and a third IF frequency, will be utilized. 

After a receiver front end that possibly contains a low noise amplifier, additional 
35 amplifiers are often seen in the various IF strips. An amplifier in an IF strip does not require 
frequency tuning and provides signal gain to make up for signal losses, encountered in processing 
a received signal. Such losses can include conversion loss in mixers and the insertion loss 
encountered by placing a circuit element, such as a filter or an isolator in the IF strip. 
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I In receivers filters are used liberally to limil.unwanled frequencies that have been escaped 

previous elimination in a "front end/' or lo eliminate unwanted frequencies that have been 
created immediately preceding a filter. In addition to attenuating unwanted frequencies, a desired 
signal will also undergo some attenuation. This attenuation results from an insertion loss of a 

5 niter, or sonic other coniponcnl, and ifuncompensatcd, will degrade a signal. This is especially 

true when a series of fillers are cascaded, since the effect is additive. 

Often a series of multiple filters are cascaded in a given IF strip. These filters typically 
have an identical response cliaraclcristic. The cascaded fillers are used to increase the selectivit>' 
of the receiver. While it is true that the insertion loss in the pass biuid is the sum of individual 

10 filter insertion losses, as measured in decibels, a rejection improvement obtained outside of the 
pass band is the sum of the rejections at the given frequency. Thus, three cascaded filters, each 
having an insertion loss of .01 dB at a center frequency, would have a total insertion loss of 
.03 dB. If the rejection in the slop band, a given frequency away from the center frequency of 
the filter, were 20 dB, then a total rejection for 3 cascaded filters would be 60 dB. a great 

1 5 improvement in filter selectivity. 

In choosing intermediate frequencies for IF strips in the receiver, no concrete design 
guidelines exist. Also because of a wide variance in design goals that arc encountered in receiver 
design, concrete methodologies do not exist. Each receiver must be uniquely engineered to 
satisfy a scries of system design goals taking into consideration design tradeoffs that must be 

20 made. In the current state of the art, design tradeofls, and design methodologies used have been 
directed to integrating all parts of the receiver except for frequencies selective components. The 
conventional wisdom in receiver design is thai filters arc not easily integrated onto a silicon 
substrate and that filtering is best done off of a chip. 

Some general design guidelines exist to aid an RF engineer in designing a receiver. One 

25 such rule is that designing for receiver selectivity is more important than designing for receiver 
sensitivity. Thus, when faced with conflicting design choices, the more desirable choice is to 
provide a design that will separate adjacent channels that interfere with each other rather than to 
design a receiver capable of picking up the weakest channels. Another rule of thumb in choosing 
intermediate frequencies is to choose the first intermediate frequency at twice the highest input 

30 frequency anticipated. This is to reduce the possibility of spurious second order intermodulation 
distortion. Depending upon a system performance desired, this rule can even be more restrictive, 
requiring an IF at greater than three times the highest input frequency. Thus, it may be seen that 
a wide variety of performance requirements exist in a receiver circuit, and that the range of 
choices for a given criteria may be utilized by those skilled in the art to produce a unique design 

35 that meets the challenges posed by an increasing trend towards integration. 

When more than one IF is present in a receiver there is an image frequency associated with 
each IF that must be considered in the design. A good receiver provides an image rejection 
greater than 70 dB. 
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1 One of the firsl considerations in frequency planning a superheterodyne receiver is the 

selection of IF conversions. A frequency range of the local oscillator needs to be determined to 
establish the locations of spurious responses of various orders. Two choices are possible for each 
ofiwo possible LO frequency and the selection is not subject to an easy gencrahzation. The two 
5 available frequencies are the absolute value of the quanlily jlKi ^^fi, h fi.o Selection depends on 

RF bands chosen lo be received and frequencies preseni in these bajids, the availability of fixed 
bandwidth fillers at a desired IF and constraints imposed upon an engineer by the limitations of 
a material that will be used to fabricate a receiver. 

Receiver planning is a process that is centered upon frequency planning and receiver level 
10 diagrams. .After initial frequency selections for a frequency plan are made, a receiver level plan 
is used 10 calculate noise figures, intercept points (IP) and levels of spurious responses. Each is 
evaluated in light of design requirements. After each scl of selections performance is evaluated 
and a next set of parameter selections is made until an appropriate compromise in receiver 
performance is achieved. 

15 Once frequency planning and a level diagram yield a satisfacloo' design solution these 

tools are used lo guide a detailed receiver design. Once parameters of a section of a receiver are 
defined, an engineer can use various circuit implementations lo achieve a staled design goal. For 
example a frequency plan and level diagram may require a band pass filter with certain 
characteristics such as bandwidth, center frequency and insertion loss. The engineer would then 

20 eitJier pick a single filter that meets all of these requirements or cascade one or more filters such 
thai a composite response will yield the required design value. 

Needless to say experience and knowledge of available lecluiology plays a large pan in 
achieving a successful receiver design blueprint. An engineer must have a rough idea of 
component availability and design methodologies that will yield a certain performance. If the 

25 engineer specifies a portion of the receiver that has perfonmance characteristics that are not 
achievable with available components or design methods, then an impractical and unproduceable 
design has been proposed requiring replaiining the architecture of the receiver. 

A design process and a result achieved is very dependent upon technology available, 
materials and methodologies known at the time. New improvements in design techniques, 

30 computer simulation, processing and a push for increased miniaturization continually fuel 
achievement of new and innovative receiver designs to solve technological problems. 

Once frequency conversions have been chosen and a receiver designed, with the distortion 
products created in the receiver found acceptable, the next step in receiver design is to design 
circuitry that will generate one or more local oscillator signals. These signals could be provided 

35 by a source that is external to a chip. However, this would not be practical in seeking to 
miniaturize an overall receiver design. A better approach is to generate the local oscillator 
frequencies near the receiver In reducing an entire receiver onto a single chip, problems in 
maintaining signal purity, and stability are encountered. 



-20- 



wo 00/72446 PC'I7USO0/I46«3 

An innovation that has atlovvcd increased miniaturiziilion in receiver design is the 
development of frequency synthesis. Local oscillator signals are required in receivers utilizing 
frequency conversion. These signals must be tunable and stable. A stable frequency is easily 
produced by a quartz cr)'Stal at a single frequency. A tunable iVequency can be produced by an 
LC type oscillalor. However, this LC oscillator docs not have sufficient stability. Additionally 
using a large number of crystals to generate a range of local oscillator signals, or inductors 
required in an LC oscillalor do not allow an easily miniaturized design. Frequency synthesis is 
space efficient. 

Variable frequency local oscillalor signals used in a receiver must be generated by 
appropriate circuits. These frequency synthesis techniques derive variable LO signals from a 
common stable reference oscillalor. A crystal oscillator has a stable frequency suitable for use 
in a synthesizer. 

Oscillators may provide a fixed or a variable output frequency. This fixed or variable 
frequency may be used for frequency conversion in a receiver as a local oscillalor that is used 
10 mix a received radio frequency (RF) input down to an Lntermediate frequency or a base band 
signal that is more easily processed in the following circuitry. Another way that a received signal 
can be converted down to a base band or intermediate frequency signal is by using frequency 
synthesizer outputs as local oscillator signals to mix the signal down. Synthesizers provide 
accurate, stable and digitally programmable frequency outputs, without ihe use of multiple 
oscillators to tunc across a band. Accuracy is maintained by using feed back. 

Tlircc general techniques are used fur frequencies synthesis. Direct synthesizers use 
frequency multipliers, dividers and mixers. Indirect synthesizers use phase-locked loops. Direct 
digital synthesizers use digital logic combined with a digital to analog converter to provide an 
analog output. Some designs combine the three techniques. 

A direct synthesizer will use a frequency reference such as a crystal oscillator as disclosed 
in FIG. 5 to generate a reference frequency. To achieve a desired output frequency, the reference 
fi-equency is multiplied through a series of multipliers. Dividers may be used similarly to reduce 
the frequency output to the desired lesser value. Additionally, two signals generated from the 
chain of multipliers and dividers can be fed into a mixer to generate a. third frequency. The mix 
and divide direct synthesis approach permits the use of many identical modules that produce fine 
resolution with low spurious output. 

Indirect synthesis can take several forms. It can use divide by N to produce one or more 
of the digits, and mix and divide with loops imbedded among circuits. In each form of frequency 
synthesizer, the loops contained in it are governed by a derivative of a reference frequency. 
Indirect synthesis can be used to generate a frequency off — /.^. Circuits of this type are often 
used as local oscillators for digitally tuned radio and television receivers. 

Indirect synthesizers make use of a number of phase locked loops (PLLs) in order to create 
a variety of frequency outputs. Each loop present in the system makes use of a common 
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1 frequency reference provided by a single oscillator. Frequency synthesizers provide tlie ad vmnagc 
of being digitally programmable lo a desired frequency as well as providing an extremely stable 
frequency. 

Frequency stability in a synthesizer is achieved with phase locked loops. A phase locked 
5 loop is programmed lo generate a desired frequency. Once it approximates the frequency, the 
frequency is divided down to the value of a reference frequency, provided by an external 
oscillator, aiid compared to that reference frequency. When the difference reaches /.ero the phase 
locked loop slops tuning and locks to the frequency that it has just produced. The frequency 
reference used to tunc the phase locked loop is typically provided by a single frequency oscillator 
10 circuit. 

Frequency synthesizers in a radio frequency receiver often incorporate two phase locked 
loops. One PLL is used to provide coarse tuning within the frequency band of interest while the 
second PLL provides One tuning steps. 

In using diis scheme, a coarse tuning must be such that a desired chaiuicl will initially fall 

15 within tlie selectivity of the receiver to produce a signal output. It would be an advantage in 
receiver design if tuning speed could be increased so that initially several channels would fall 
within the selectivity of the receiver. Tuning in this manner would allow an output to be created 
with an extremely coarse tuning range that could be dynamically adjusted. Currently this t)'pe 
of tuning is not seen in the state of the art. 

20 Typically PLLs use a common reference frequency oscillator. Local oscillator signals 

produced by a frequency synthesizer's phase locked loops inject noise produced in the reference 
frequency oscillator and the PLLs inio a the signal path by way of a PLL output. 

A range of output frequencies from a synthesizer can span many decades, depending on 
the design. A "resolution" of the synthesizer is the smallest step in frequency that can be made. 

25 Resolution is usually a power of 10. A "lock up time" of the synthesizer is the time it takes a 
new frequency to be produced once a command has been made to change frequencies. 

The more accurate the frequency required the longer the lock up time. The reduction of 
the lock up time is a desirable goal in synthesizer design. A modem trend is to use frequency 
synthesis in wide band tuners. To tune across a wide band width quickly the lock up time must 

30 be minimized. Current state of the art tuning limes for jumps in frequencies can be as short as 
several microseconds. This is difficult to do when the required increment in frequency 
adjustment is small. In the stale of the art indirect synthesis is capable of producing multi digit 
resolution. However, indirect synthesis is not capable of providing micro second switching 
speeds. For faster switching speeds direct analog and direct digital technologies are used. 

35 Therefore, it is desirable lo construct an indirect frequency synthesizer that provides high 
resolution and improved switching speed. 
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The present cmbodimenls of the invention allow ail channel selecliviry and image 
rejection to be implemented on an integrated circuit. Integration is a achievable by utilizing 
differential signal transmission, a low phase noise oscillator, integrated low Q filters, filter 
tuning, frequency planning, local oscillator generation and PLL tuning to achieve a previously 
unrealized level of receiver integration. 

llie embodiments of the invention advantageously allow a LC filters to be integrated on 
a receiver chip, resulting in an integrated circuit that contains substantially the entire receiver. 
By advantageously selecting a frequency plan, and utilizing the properties of complex mixers, 
an architecture is achieved that allows LC filters to be integrated on a receiver chip so that 
acccpiabic pcrfornuuice is produced when converting a received signal to one having a lower 
frequency that is easily processed. 

The embodiments utilize particular aspects of an arbitrarily defined input spectrum to first 
shift the received frequencies to a higher frequency in order that interference may be more easily 
eliminated by filtering and then shifting the spectrum to a nominal IF for processing. This first 
shifting process advantageously shifts interfering image signals away from a center frequency of 
a first LC filter bank so that the LC filter bank is more effective in reducing the interfering signal 
strength. To further reduce the interfering signal strength, multiple LC filters that are tuned to the 
same frequency arc cascaded, further reducing the interfering signal strength. 

To reduce degradation of the desired signal the exemplar)' embodiments of the invention 
utilize a complex mixing stage following an LC filter bank to reduce the image frequency 
interference by an additional amount (hat might be necessar)' to meet a particular image rejection 
target (i.e., an about 60 dB to 65 dB rejection target). A complex mixer creates a signal as a result 
of its normal operation that cancels an image frequency interference by the remaining amount 
needed to achieve satisfactory perfomiance with LC fillers. 

The ultimate goal of a receiver is to reduce the frequency of an incoming signal to a 
frequency that is lower than received, so that processing of the desired signal can be easily 
achieved. The receiver architecture utilizes two frequency down conversions to achieve this goal. 
Each frequency conversion is susceptible to interference that requires filtering. Frequency 
planning as described above used in conjunction with LC filters and complex mixers, provides 
the required image distortion rejection that allows LC filters to be used advantageously in an 
integrated receiver. 

Radio receivers require one or more local oscillator (LO) signals in order to accomplish 
frequency conversion to an intermediate (IF) frequency. In a typical receiver these local oscillator 
signals must be stable and free from noise. When a receiver is fabricated as an integrated circuit, 
the chances of injecting noise via the LO signals increases. Local oscillator signals for a receiver 
are typically generated in close proximity to the frequency conversion circuitry. The close 
proximity of this frequency generation circuitry to the signal path creates an increased likelihood 
of noise being radiated or conducted to cause interference with the received signal. 
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1 !n order to achieve improved noise imfniiniiy the exemplao' embodimenis of the invention 

may utilize circuilr)' to generate the local oscillator signals that possess superior noise 
pcrfonnance. The local oscillator signals may also be advantageously iransmilied differenlially 
to the mixers present on tlie integrated circuit. It should be noted that in alternate embodiments 
5 of the invention that a single ended output can be produced from the diffcrcniial signal by various 
techniques known in ihe art. This iccfinique is used advanlageously whenever external 
connections to the receiver are required that are single ended. 

OSCILLATOR 

1 0 An exemplary embodiment of the present invention utilizes a dirferetuial oscillator having 

low phase noise or jitter and high isolation, as a frequency reference that substantially increases 
the performance of a tuner architecture integrated onto a single silicon substrate. 

In accordance with the present invention, a crystal oscillator circuit is provided and 
constructed so as to define a periodic, sinusoidal, balanced differential signal across two 

1 5 symmetrical tenninals of a crystal resonator which are coupled in a parallel configuration across 
symmetrical, differential terminals of a differential oscillator circuit. 

The differential oscillator circuit is configured such that it is constructed of simple active 
ajid passive components which are easily implemented in modem integrated circuit technology, 
thus allowing the differential oscillator circuit to be accommodated on a monolithic integrated 

20 circuit chip for which the crystal oscillator (as a whole) is providing a suitable, stable periodic 
liming reference signal. Similarly, and in contrast to prior art implementations, only the 
resonating cr>'sial (crs'stn] resonator or quartz cr>'Sial resonator) is provided as an off-chip 
component. This particular configuration allows for considerable savings in component parts 
costs by partitioning more and more functionality into the integrated circuit chip. 

25 Remote (off chip) mounting of the crystal resonator requires that electrical contact 

between the cr>'stal resonator and the associated oscillator circuit, be made with interconnecting 
leads of finite length. In integrated circuit technology, these interconnecting leads are typically 
implemented as circuit pads and conductive wires formed on a PC board substrate to which 
package leads are bonded (soldered) in order to effect electrical connection between the crystal 

30 resonator and an associated oscillator circuit. External electrical connections of this type are well 
known as being susceptible to noise and other forms of interference that might be radiated onto 
the interconnecting leads and, thence, into the oscillator circuit, degrading its overall noise 
performance. 

A sinusoidal signal source, having a differential output configuration, defines a pair of 
35 periodic sinusoidal signals, with the signal at one output terminal defined as being 1 80° out of 
phase with a similar periodic, sinusoidal signal appearing at the other output terminal Classical 
differential signals are termed "balanced" in that both signals exhibit equal peek-to-peek 
amplitudes although they exhibit a 180" phase relationship. As illusuated in the simplified 
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timing diagram of FIG. 6, difrerenlia! signals have a particular advantage in thai common-niodc 
interference, that is injected on either terminal, is canceled when the signal is converted to single- 
ended. Such common mode interference is typically of equal amplitude on each pin and is 
caused by radiation into the circuit from external sources or is often generated in the circuit iiself. 
In FIG. 6, a positive sinusoidal signal, denoted signal-P oscillates aboul a zero reference, but is 
shifted by a common-mode interference component, denoted Likewise, a negative sinusoidal 
signal, denoted at signal-n, also oscillates aboul a zero reference, exhibiting a 180" phase 
relationship with signal-p, and is also offset by a common mode interference component denoted 

A superposition of ihc positive and negative periodic signals is illustrated in the liming 
diagram denoted "composite", which clearly illustrates that the peek-lo-peek difference between 
the positive and negaiivc signals remains ihc same, even in the presence of a common mode 
interference component [q^^. 

Turning now to FIG. 7, there is depicted a semi-schematic block diagr^im of a periodic 
signal generation circuit including a differential co'stal oscillator driving a differential linear 
buffer amplifier. Advantageously, the present invention contemplates differential signal 
transmission throughout its architecture to maintain the purity of the derived periodic signal and 
to minimize any common mode interference components injected into the system. In particular, 
the present invention incorporates differential signal transmission in the construction of a 
differential cr)'stal oscillator circuit, including a cr>'stal resonator and its associated oscillator 
driver circuit. Differential signal irajismission is maintained through at least a first linear buffer 
stage which functions lo isolate the differential oscillator circuit switch transients and other forms 
of noise thai might be generated by follow-on digital iniegraied circuit components. 

In FIG. 7, a differential crystal oscillator circuit is configured to function as a source of 
stable, synchronous and periodic signals. According lo the illustrated embodiment, a differential 
crystal oscillator 7 1 0 suitably incorporates a resonating crystal 7 1 2 and a pair of symmetrical load 
capacitors 714 and 716, each load capacitor respectively coupled between ground potential and 
one of the two symmetrical output terminals of the resonating crystal 712. 

Resonating crystal 7 1 2 is coupled between differential terminals of a differential oscillator 
driver circuit 7 1 8, in turn connected to differential inputs of a differential linear buffer integrated 
circuit 720. The symmetrical terminals of the resonating crystal 712 arc coupled across 
differential terminals of the resonator and linear buffer, with a first terminal of the cr>'staJ being 
shunted to ground by the first shunt capacitor 14. The second terminal of the crystal is shunted 
to ground by the second shunt capacitor 7 1 6. 

The oscillator driver circuit portion of the differential crystal oscillator 710 functions, in 
cooperation with the crystal resonator 712, to define a pure sinusoidal and differential signal 
across the crystal's symmetrical terminals. As will be developed in greater detail below, this pure 
sinusoidal and differential signal is then used by the linear buffer 720 to develop an amplified 



-25- 



wo 00/72446 PCm)S0«/»4683 

! representation of periodic signals synchronized to the co'stal resonant frequency. These 
tunplificd signals are also conlemplaled as differenlial inform and are eminently suitable for 
driving digital wave shaping circuilr)' lo dcfme various digital pulse trains useable by various 
forms of digital timing circuito', such as phasc-lock-loops (PLLs), frequency tunable digital 

5 filters, direct digital frequency synlhesizers (DDKS), and the like, in other words, the system 
depicted in FIG. 7 might be aptly described as a periodic function generator circuit, with the 
crystal oscillator portion 7 1 0 providing the periodicity, and with the buffer portion 720 providmg 
the functionality. 

Before entering into a detailed discussion of the construction and operation of the 

10 differential oscillaior driver circuit and differenlial Imear buffer amplifier, it will be useful to 
describe characteristics of a resonating cr>'Stal, such as might be contemplated for use in the 
context of the present invention. 

FIG. 8 depicts the conventional representation of a resonating cr>'sial 712 having minror- 
image and symmetrical terminals 822 and 824, upon which differential periodic signals may be 

15 developed at the crystal's resonant frequency. Resonating cr)'Stals (also termed crystal 
resonators) may be formed from a variety of resonating materials, but most commonly are formed 
from a piece of quartz, precisely cut along certain of its crystalline plane surfaces, and so sized 
and shaped as to dcfme a particular resonant frequency from the fmished piece. Resonating 
cn'Stals so formed are commonly termed "quartz cr)'stal resonators". 

20 A typical representational model of the equivalent circuit of a quartz crystal resonator 71 2 

is illustrated in simplified, semi-schematic form in FIG. 9. A quartz cr>'Stai resonator can be 
modeled as a two terminal resonator, with an LCR circuit, incorporating a capacitor C^. m series 
witli an inductor L„ and a resistor R„, coupled in parallel fashion with a capacitor C, across the 
two terminals. It will be understood that the particular component values of the capacitor, 

25 inductor and resistor, forming the LCR filler portion of the circuit, define the resonant 
characteristics of the crystal. These design values may be easily adjusted by one having skill in 
the art in order to implement a resonating co'stal operating at any reasonably desired frequency. 

For example, a particular exemplary embodiment of a crystal resonator might be desired 
to have a resonant frequency in the range of about 10 megahertz (MHz). In such a case, the 

30 equivalent circuit of such a co'Stal might have a typical value of about 20 femto Farads (fF) for 
the capacitor The inductor L„ might exhibit a typical value of about 1 3 milli Henreys (mH), 
while the resistor might have a t>'pical value of about 50 ohms. When used in a practical 
oscillaior design, oscillation will be achieved for values of the capacitor Q that are less than a 
design worst case value. In the exemplary embodiment, worst case values of 7 pico Farads (pF) 

3 5 might be chosen in order to ensure a design that oscillates at the desired resonant frequency over 
a wide range of crystal equivalent circuit values. In a practical application, the typical range of 
capacitance values for Q might be from about 3 to about 4 pF. 
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1 FIGS. 10 and 1 1 are graphical representations depicting response plots of impedance and 

phase with respect to frequency, respectively, of a crystal resonator circuit constructed in 
accordance with the equivalent circuit model ofFIG. 9 and using the values given above for the 
component C„, L„, R„, and Co parts. FIG. 10 is a plot of the real portion of impedance, in ohms, 

5 as a function of the resonator's fiequcncy :ukI mega Mcriz. FIG. 1 1 is a representational plot ol" 
the imaginary impedance component (expressed as phase), again expressed as a function of 
frequency in mega Mcrtz. From the representational plots, it CtUi be understood that an exemplary 
crv'sial resonator constructed in accordance with the above values exhibits a resonant. frequency 
in the range of about 10 MHz. Further, sinuilalion results on such a crystal resonator exhibit a 

10 steep rise in the real impedance versus frequency plot of FIG. 10 in the resonance region aboui 
10 MHz. A steep rise in real impedance in the resonance region is indicative of a high quality 
factor, Q, typically exhibited by quartz cr>'slal resonators. 

An example of a quartz crystal resonator having the aforementioned characteristics and 
exhibiting a resonance fundamental at about 10 MHz is a Fox HC49U, quartz cr>'sta I resonator, 

1 5 manufactured and sold by Fox Electronics of Ft. Myers, Florida. It should be noted, however, 
that the specific values of a quartz crystal resonator, including its resonant frequency, arc not 
particularly important to practice of principles of the invention. Any type of co'stal resonator 
may be used as the resonator component 7 1 2 of FIG. 7, so long as it is constructed with generally 
symmetrical terminals which can be driven, in a manner to be described in greater detail below, 

20 by an oscillator driver circuit 7 1 8 of FIG. 7 so as to develop a differentiaL sinusoidal signal with 
respect to the two lenninals. Further, the resonator need not oscillate at a frequency of 1 0 Ml Iz. 
The choice of resonant frequency is solely a function of a circuit designer's preference and 
necessarily depends on the frequency plan of an integrated circuit in which the system of the 
invention is used to provide periodic timing signals. 

25 Turning now to FIG. 12, there is depicted a simplified schematic diagram of a differential 

oscillator driver circuit, indicated generally at 7 1 8, suitable for differential coupling to a crystal 
resonator in order to develop balanced, differential sinusoidal signals for use by downstream 
components. 

In the exemplary embodiment of FIG. 12, the differential oscillator driver circuit 718 is 
30 constructed using common integrated circuit components and is symmetrical about a central axis. 
The oscillator driver 7 1 8 is constructed with a pair of P-channel transistors 1 226 and 1 228 having 
their source terminals coupled in common and to a current source 1230 connected, in turn, 
between the common source terminals and a positive supply potential Vpp. The gate terminals 
of each of llie P-channel transistors 1226 and 1228 are coupled to the drain nodes of the opposite 
35 transistor, i.e., the gate terminal of P-channel transistor 1228 is coupled to the drain node of P- 
channel transistor 1226, and vice versa. 
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1 Output Icnninals arc defined at each of the transistor's drain nodes, with the drain node 

of P-channel transistor 1226 defining the '^negative" terminal (Von) and the drain terminal of P- 
duumcl transistor 1 228 defining the "positive" output (Vop). Thus, it will be understood that the 
circuit is able to operate diHcrentiaily by cross coupling the transistors 1226 and 1228 in order 

5 to provide feedback. 

Because (ransisiors exhibit some measure of gain at all frequencies, parlicuhirly DC, 
conventional cross coupled transistors are often implctiiented as latches in digital circuit 
applications where large DC components are present. In the differential oscillator driver circuit 
7 1 8 of the invention, latching is prevented by removing the DC gain coniponcnl, while retaining 

10 the systcm^s high tVequcncy gain, particularly gain in the desirable 10 MMz region. 

In order to substantially eliminate the gain component at low frequencies, a high pass filter 
is interposed between the gate and output terminals of each syninieirical half of the circuit. In 
particular, a high pass filter 1 232 is coupled between the "negative" output terminal and the gale 
terminal of P-channel transistor 1 228. Likewise, the high pass fdier 1 234 is coupled between the 

1 5 "positive" output terminal and the gate terminal of P-channel transistor 1226. Further, each of 
the high pass filters 1 232 and 1 234 arc coupled between a virtual ground, identified as Vmid and 
indicated in phantom in the cxemplan' embodiment of FIG. 12, and the corresponding gate 
terminal oflhe respective one ofthe differential pair P-channel transistors 1226 and 1228. Each 
of the high pass filters 1232 and 1234 are implemented as RC fillers, each including a resistor 

20 and capacitor in a series-parallel configuration. Each capacitor is series-connected between an 
output terminal and the gate terminal of a corresponding differential pair transistor, while each 
resistor is coupled between a gale terminal and the virtual ground. Thus, the first high pass filter 
1232 includes a capacitor 1236 coupled between the "negative" terminal and the gate terminal 
of P-channei transistor 1 228. A resistor 1 238 is coupled between the gate of P-channel transistor 

25 1228 and virtual ground. Similarly, the second high pass filter 1234 includes a capacitor 1240 
coupled between the "positive" terminal and the gate terminal of P-channel transistor 1226. A 
resistor 1242 is coupled between the gale of P-channel transistor 1226 and the virtual ground. 

in operation, high pass filler 1 232 fillers the input from Von prior to applying that signal 
to the gate of its respective differential pair uansistor 1228. In like maimer, high pass filter 1234 

30 filters the input from Vop prior to applying that signal to the gate of its respective differential pair 
transistor 1226. Each ofthe high pass filters are symmetrically designed and have component 
values chosen to give cutoff frequencies in the range of about 5 MHz. For example, filter 
capacitors 1236 and 1240 might have values of about 1.5 pF, and filter resistors 1238 and 1242 
might have values in the range of about 718 Kohms. Which would give a filler yielding the 

35 desired 5 MHz cutoff. It will be thus understood that the differential oscillator driver circuit 1 8 
will have negligible gain al DC, while exhibiting its design gain values in the desired region of 
about 10 MHz. 
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1 It should be understood that the component values for high pass fillers 1232 and 1234 

were chosen to give a particular cut off frequency of about 5 MHz, allowing the oscillator driver 
circuit to exhibit full design gain at a resonate frequency of about 10 Ml-lz. If the resonant 
frequency of the cr)'stal oscillator circuit were required to have a different value, the components 

5 ol' the high puss niters 1 232 and 1234 would necessarily lake oiKliffcrcnl values lo accommodate 

the different operational characteristics of the circuit. Accordingly, the actual component values, 
as well as the cutoff frequency value of the exemplar)' embodimeni, should not be taken as 
limiting the differential oscillator driver circuit according lo the invention in any way. The values 
and characteristics of the differential oscillator driver circuit 18 of FIG. 12 are exemplary and 

10 have been chosen to illustrate only one particular application. 

Because the common mode output signal of a differential amplifier is often undefmed, the 
differential oscillator driver circuit 718 of FIG. 12 is provided with a common mode control 
circuit which functions lo maintain any common mode output signal at reasonable levels. In 
particular, a differential pair of N-channel transistors 1 244 and 1 246 is provided with each having 

15 its drain terminal coupled lo a respective one of the Von and Vop output terminals. The 
differential N-channel transistors 1 244 and 1 246 further have their source terminals tied together 
in common and lo a negative supply potential V^^. Their gate terminals are tied together in 
common and are further coupled, in feedback fashion, to each transistor's drain node through a 
respective bias resistor 1248 and 1250. The bias resistors 1248 and 1250 each have a value, in 

20 the exemplar)' embodiment, of about 100 Kohms, with the gate terminals of the N-channel 
differential pair 1244 and 1246 coupled lo a center tab between the resistors. This center tab 
defines the vinual ground Vmid which corresponds to a signal midpoinl about vvhich the 
sinusoidal signals Von and Vop oscillate. Any common mode component present at the outputs 
will cause a voltage excursion to appear at the gates of the N-channel differential pair 1244 and 

25 1 246. In other words, virtual ground Vmid can be thought of as an operational threshold for the 
current mode control differential pair 1 244 and 1246. Common mode excursions above or below 
Vmid will cause a common mode control differential pair to adjust the circuit's operational 
characteristics so as to maintain Vmid at a virtual ground level, thus minimizing any common 
mode component. 

30 In operation, noise in such a linear differential oscillator driver circuit is filtered mainly 

by the crystal resonator, but also by the operational characteristics of the driver circuit. For 
example, noise at 1 0 MHz is amplified by the positive feedback characteristics of the circuit and 
will continue to grow unless it is limited. In the exemplary embodiment of FIG. 1 2, signals in the 
1 0 MHz region will continue to grow in amplitude until limited by a non-linear self-limiting gain 

35 compression mechanism. 

As the amplitude of the amplified signal becomes large, the effective transconductance 
g^ of the P-channel differential pair transistors 1226 and 1228 fall off, thus limiting the gain of 
the differential amplifier. Amplifier gain falloff with increasing gate voltage excursions is a well 
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understood principle, and need not be dcsxribed in any further detail herein. However, it should 
be mentioned that as the gain of the oscillator driver circuit trends to 1 the crystal resonator 
begins to self-limit, thus defining a constant output amplitude sinusoidal signal. Constancy of 
the amplitude excursions arc reflected to the control (gale) terminals of the P-channel differential 
pair 1226 and 1228 where the feedback mechanism ensures stability about unity gain. 

It should be understood therefore that the differential oscillator driver circuit 718 in 
combination with a cr>'slal resonator (712 of FIG. 7) function lo define periodic, sinusoidal and 
differential signals across the terminals of the cr>'slal resonator. The signals are differential in 
thai they tnainlain a 1 80° phase relationship. Sigiiai qualily is promoted because the exemplar)', 
differential oscillator driver circuit is designed to be highly ImecU- with a relatively low gain, thus 
reducing phase jioise (phase jiiier) lo a significantly belter degree than has been achieved in the 
prior art. Signal quality and symmeto' is further enhanced by the symmetrical nature of the two 
halves of the oscillator driver circuit. Specifically, the oscillator driver circuit is symmetrical 
about a central axis and, when implemented in integrated circuit teclinology, that symmetrj' is 
maintained during design and layout. Thus, conductive signal paths and the spatial orientation 
of the driver's active and passive components arc identical with respect to the "negative" and 
"positive" outputs, thereby enhancing signal symmetry and further minimizing phase jitter. 

In accordance with the invention, differential cr>'stal oscillator circuit is able to provide 
a periodic clock signal (approximately 10 MHz) that exhibits stable and robust timing 
characteristics with ver>' lowjittcr. As depicted in the simplified semi-schematic block diagram 
ofFIG. 1 3, a particular exemplary embodimcni of a periodic signal generator circuit incorporates 
a differential cr\'sla) oscillator circuit according to the present invention, including a cr>'slal 
resonator 12 and differential oscillator driver circuit 718, A resonant crj'slal circuit 12 includes 
first and second timing capacitors (714 and 716 of FIG. 7) which are not shown merely for 
convenience in ease of explanation. The resonant crystal circuit 712 is coupled, in parallel 
fashion, across the output terminals of the oscillator driver circuit 718 which incorporates the 
active device circuiuy for pumping energy into the circuit in order to sustain oscillation. This 
parallel combination is coupled, differentially, into a linear buffer amplifier 720, which functions 
lo provide a linear gain factor K to the differential signal provided by the crystal oscillator circuit. 

Linear buffer amplifier 720 provides signal isolation, through high input impedance, as 
well as amplification of the oscillating (10 MHz) signal produced by the crystal 
resonator/oscillator driver combination. Linear buffer amplifier 720 is configured to output 
differential mode signals characterized by linear amplification of the input differential signals, 
that may then be used to drive one or more additional wave shaping-type devices, such as 
nonlinear buffer amplifiers 1352, 1354 and 1356. 

In the exemplary embodiment of FIG. 13, the nonlinear buffers 1352, 1354 and 1356 
function in order to provide signal translation (wave shaping) from the differential sign wave 
periodic signal present at the output of the linear buffer 720 to a digital pulse train at 
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characierislic logic levels suitable for driving fall-on digital circuit blocks 1358, 1360 and 1362. 
In addition to its signal iransialion function, nonlinear buffers 1352, 1354 and 1356 also provide 
a measure of signal conditioning, transforming the purely sinusoidal signal at their inputs to a 
vcf)' low jiitcrgeltcr square wave output. 

Following digital circuitry 1 358, 1 360 and 1 362 illustrated in the exemplar)' embodiment 
ofl-IG. 13 might be any type ol' digital circuitry that requires a stable periodic clock, such as a 
phase-lock-loop, a tunable filler, a digital frequency synthesizer, and the like. Characteristically, 
high speed switching circuits of these types generate a great deal of noise, particularly as a result 
of ground bounce, switch transients and ringing. In order to minimize feed through coupling of 
these noise sources back to the cry'Stal oscillator circuit, and in contrast to the prior art, the system 
of the present invention utilizes two stages of buffering. 

In the prior art, signal transformation from a sinusoidal signal to a square wave output is 
typically implemented by using an inverter to square sinusoidal input signal. A digital inverter 
function might be characterized as a nonlinear amplifier of a transformed sinusoidal input signal 
to a square wave by providing an extremely high gain, such that the input signal is driven to the 
rail during amplification (i.e., clipping). Thus, the output signal of a t)'pical inverter might be 
characterized as a clipped sine wave. This particular noniinearity characteristic of the inverter 
further provides opportunities for phase noise to be added to the output signal. 

Phase noise (phase jitter) can also be introduced when the slope of a signal wavcfomi 
going through a zero transition is not sharp. Thus, in the present invention, phase noise is 
minimized in the nonlinear buffer mnplifiers 1 352, 1 354 and 1 356 b>' amplif)'ing the differential 
signal provided by the cr\'stal oscillator circuit tlirough the hncar amplifier 720 in order to 
increase the amplitude, and thus the slew rate, of the signal prior to its conversion to a square 
v^ave. Phase noise resulting from zero crossings of the nonlinear buffer amplifiers is thereby 
minimized. 

Further, in a ver>' large scale integrated circuit, there are a great number of digital logic 
elements coupled to a common power supply. Switching of these digital logic elements causes 
the power supply voltage to move up and down, causing digital switching noise. This movement 
in the power supply induces a jiner component at each inverter that is used as a buffer in a 
conventional oscillator circuit. According to the present invention, maintaining a differential 
signal throughout the oscillator circuit, including the wave shaping buffers, allows the effects of 
power supply noise to be substantially eliminated from the oscillator, thus maintaining signal 
quality. In addition, the use of a differential signal throughout the oscillator's architecture allows 
common mode noise radiated onto the pins of the crystal resonator to be rejected. 

The number of nonlinear buffers which might be cascaded in order to produce a suitable 
clock signal is an additional important feature in the design of a low phase noise oscillator circuit. 
In conventional oscillator circuits, multiple cascaded inverters arc used to provide high isolation 
of the final, squared output signal. In such cases, each time the signal passes through a nonlinear 
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1 inverter, zero crossing occurs which offers an additional opportunily for phase noise lo be added 

to the circuit, in order to minimize phase noise, the present invention contemplates a single stage 
of nonlinear buffering which presents a high input impedance lo the linear buffer 720 which 
proceeds it. Additionally, the linear buffer 720 is further provided with a high input impedajice 

5 U) further isolate the crystal resonator and its associated differential oscillator driver circuitry 
from noise loading. 

An exemplary embodiment of a linear buffer suitable for use in connection with the 
periodic signal generation circuit of FIG. 1 3 is illustrated in simplified, semi-schematic form in 
FIG. 14. The cxcmphuTr' cmlxHiimcnl of FIG. 14 illustrates the conceptual implcmeniaiion of a 
10 differential-in differential-out amplifier, fhe differential implementation has several advantages 
when considered in practical applications. In particuiiu-, maximum signal swing is improved by 
a factor of 2 because of the differentia! configuration. Additionally, because the signal path is 
balanced, signals injected due to power supply variation and switch irajisieni noise arc greatly 
reduced. 

1 5 The exemplary implementation of a differential-in, differeniial-oui amplifier (indicated 

generally at 720) of FIG. 1 4 uses a folded cascade configuration lo produce a differentia! output 
signal, denoted V^^,. Since the common-mode output signal of amplifiers having a differentia] 
output can often be indeterminate, and thus cause the amplifier to drift from the region where 
high gain is achieved, it is desirable to provide some form of common-mode feedback in order 

20 to stabilize the common-mode output signal. In the embodiment of FIG. 14, the common-mode 
output signal is sampled, ai each of the terminals comprising the output V^^, and fed back to the 
current-sink loads of the folded cascade. 

Differential input signals V,„ are provided to the control terminals of a differential input 
pair 1464 and 1466, themselves coupled between respective current sources 1468 and 1470 and 

25 to a common current-sink load 1 472 to V„. Two additional transistors (P-channel U-ansistors in 
the exemplar)' embodiment of FIG. 14) define the cascade elements for current-sources 1 468 and 
1 470 and provide bias current lo the amplifier circuit. 

High impedance cunrent-sink loads at the output of the amplifier 1476 and 1478 might be 
implemented by cascoded current sink transistors (N-channel transistors for example) resulting 

30 in an output impedance in the region of about I Mohm. The common mode feedback circuit 
1480 might be implemented as an N-channel differential pair, biased in their active regions and 
which sample the common-mode output signal and feedback a correcting, common-mode signal 
into the source terminals of the cascoded transistors forming the current-sinks 1476 and 1478. 
The cascade devices amplify this compensating signal in order to restore the common-mode 

35 output voltage to its original level. 

It should be noted that the exemplary linear amplifier of FIG. 14 might be implemented 
as any one of a number of appropriate altemative amplifiers. For example, it need not be 
implemented as a fully differential folded cascade amplifier, but might rather be implemented 
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as a d>fferemial-in. differential -out op a.p using two differemial-in single-ended ou, op amp. 
Further, the actual cireui. implementation might certainly vary depending on the part.cul^ 
cho.cesand prejudices of an analo, integrated circu.t designer. The -P;;""-- 
be cither an N-channe. or a P-channe. pa.r. MOS devices might be used d-fA^rent. 1 y as 
resistors or alternatively, passive resistor components might be prov.dcd. and the hkc. All t a 
. required is that the linear ampliHer 720 ampliCcs a d.ffccnt.a. ,np. s.gnal to produ e 
d,fleln,.al, sinusoidal signal at its output. Thus, the only frequency components rc ce.d ha^ 
.hrough the linear amplif.er 720 w,ll be sinusoidal in natt.re and thus, wdl not affect d>e 
opera Lai parameters of the differential coital oscillator frequency. Further, the near huf^e 
7^0 will necessarilv have a relat.ve.y h,gh output impedance in order to attenuate no.se that 
.nigh, be reflected back from the squ.ue wave output of the followtng nonl.near amphf ter stages 
Turning now to FIG, 15, there ,s depicted a simplified semi-schemat.c d.agram of a 
r,onlinear buffer, indicated generally at 1 582. such as m.ght be implen.nted as ^ ..apm^ 

■, !•;<;? nS4 or 1356 of FIG. 13. The nonlmear buffer 1582 receives a 
nr souarmc circuit lJ->/, 1-'-'^ or uju ui i ivj. ■ 

fLntia sinusoidal input signal at the gate terminals of an input differentia. .r«a.r 
,584 and 1 586. Drain terminals of the differential pair 1 584 and 1 586 are connecte toge^ 
in common and to a cunent sink supply 1 588 which is coupled to a negative potentia Each of 
he Zential pairs' respective source terminals are coupled to a bias network, including a pa.r 
rd ffercntia. bL transistors 1 590 and > 592 having their gate tenninals tied tog^^^^^ 
and coupled to a parallel connected bias network. The bias network .s suitably constructed o 
Tr s to 1 ^94 and a current sink 1 596 connected ,n series between a positive vo Uage poten a 
s Vdd and Vss. bias node between the resis.or 1 594 and current sink , 5 6 is couple 
. the common gate terminals of the bias transistor network .590 and 1.92 ^d ef.nes b 
voltage for the bias network which wil. be understood to be the positive supply value minu the 
,R drop across bias resistor 1594. The current promoting the IR drop across the bias resistor 

1 594 is necessarily, the cuirent 1 developed by the current sink 1 596. 

Ad.fferenti:..squarewave-typeoutput(Vout).sdeve.opeda.twoo.p..nod«^ 

between the respective source terminals of the bias network transistors .590 and 1592 and a 
eZct ve pair of pull-up resistors 1598 .d 1599 coupled, in turn, to the posU.e supply 
Inll. lLuldbenoted.that.eb.asnetwork..ncludmgtrans.stors.590an 15^ 

0 control the non-linear amplifier's common mode respor.se .n a manner s.m^a to h i near 
amplifier's common mode network (transistors 1244 and .246 and res.stors 1248 and 1250 of 

"""■'Loughdepicted and constructed soastogenerateadifferential square v^ve-ty^^^^^ 
.nresponsetoVerentialsinusoida,inputsignal.thenon-.inearbuffer .5820 FIG. . ts^^^^^ 

suited'for Single-ended applications as well as for differential applicat.ons. ^ -n^ ^^^^^ 
ou,putisdesired.oneneedonlytakeasignalfromoneofthetwosymmetncoutpt.^^^^^^^ 
of whether to implement the non-linear buffer as a single-ended or a drfferenua. buffer w... 
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depend solely on Ihc input requirements of any follow-on digital circuitry which the periodic 
signal generation circuit in accordance with the invention is intended to clock. This option is 
solely al the discretion of the system designer and has no particular bearing on practice of 
principles of the invention. 

riG. 16 is II scmi-schcnialic illuslratioii of an alternative cmbodimcnl ofthe difTerentiai 
oscillator driver circuit (71 8 of FIG. 12). From the exemplar)' embodiment of FIG. 16, it can be 
understood that tht oscillator driver circuit is constructed in a manner substantially similar to the 
exemplary embodiment of FIG. 12, except that a co'stal resonator is coupled across the circuit 
lial ves above the differential iransisior pair, as opposed to being coupled across a circuit from the 
Von 10 Vop oulpul terminals. The alicrnative conliguralion of FIG. 16 operates in substantially 
the same manner as the embodiment of FIG. 12 and produces the same benefits as the earlier 
disclosed oscillator. It is offered here as an alicrnative embodiment only for purposes of 
completeness and lo illustrate that the specific arrangement of the embodiment of FIG. 12 need 
not be followed wiih slavish precision. 

It should be understood thai oscillator circuits with low phase noise are highly desirable 
in many particular applications. FIG. 17 illustrates one such application as a reference signal 
generator in a phase-lock-loop. The phase-lock-loop uses a low phase noise periodic signal 
generation circuit in accordance with the invention in order to generate a reference signal for use 
by a phase detector. Providing a clean reference signal to the phase detector is fundamental to 
providing a clean RF output from the PLL. Since noise and nonlinearities induced by signal 
generation circuit are carried through the PLL circuity thus degrading the RF output, reducing 
phase noise and providing noise rejection early on in the signal processing chain is advantageous 
to maintaining a clean RF oulpul. A differential crystal oscillator (7 10 of FIG. 7) advantageously 
provides this claim signal by maintaining a differential signal across the tenninals of the 
resonating crystal, an improvement not currently available in state-of-the-art cr\'Stal oscillators. 
Additionally, the use of linear buffer amplifiers followed by nonlinear amplification in a 
reference oscillator circuit is a unique improvement over the prior art in reducing phase noise. 

Since PLLs have become available in integrated circuit form, they have been found to be 
useful in many applications. Certain exannples of advantageous application of phase-lock-loop 
technology include tracking filters, FSK decoders, FM stereo decoders, FM demodulators, 
frequency synthesizers and frequency multipliers and dividers. PLLs are used extensively for the 
generation of local oscillator frequencies in TV and radio tuners. The attractiveness of the PLL 
lies in the fad that it may be used to generate signals which are phase-locked to a crystal 
reference and which exhibit the same stability as the crystal reference. In addition, a PLL is able 
to act as a narrow band filter, i.e., tracking a signal whose frequency may be varying. 

A PLL uses a frequency reference source in the control loop in order to control the 
frequency and phase of a voltage control oscillator (VCD) in the loop. The VCO frequency may 
be the same as the reference frequency or may be a multiple of the reference frequency. With a 
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programmable divider inserted into the loop, a VCO is able to generate a multiple of the input 
frequency with a precise phase relationship between a reference frequency and an RF output. In 
order to maintain sucli a precise phase and IVequency relationship, the frequency reference 
provided to the PLL must, necessarily, also be precise and stable. 

riG. 1 8 is a simplified block diagram ol'an illustrative frequency synthesizer that might 
incorporate the difTercntia! periodic signal gcncralion circuit of the invention. The frequency 
synthesizer is a signal generator that can be switched to output any one of a discrete set of 
frequencies and whose frequency stability is derived from a cr>'stal oscillator circuit. 

Frequency synthesizers might be chosen over other forms of frequency sources when the 
design goal is to produce a pure frequency that is relatively free of spurious outputs. I^iriicuiar 
design goals in frequency synthesizer design miglu include suppression of unwmiled frequencies 
and the suppression of noise in a region close to the resonant frequency of the crystal that is a 
typical source of unwanted phase modulation. Synonymous terms for this type of noise are 
broadband phase noise, spectral density distribution of phase noise, residual FM, and short term 
fractional frequency deviation. 

To reduce the noise produced in a synthesizer, crystal oscillators are commonly used due 
to their stability and low noise output. The use of a periodic signal generation circuit 
incorporating a differential cr>'stal oscillator according to an embodiment of the present invention 
advantageously improves these performance parameters, hiiproved phase noise is achieved 
through the use of linear buffering followed by nonlinear amplification, while noise rejection is 
provided by the differential design utilized throughout the circuiuy- architecture. 

It should be evident that a periodic signal generation circuit according to the invention has 
many uses in modem, stale-of-ihe-ari liming circuits and systems. The periodic signal generation 
circuit is constructed of simple active and passive components which are easily implemented in 
modem integrated circuit technology. Thus allowing substantially all of the components to be 
accommodated on one monolithic integrated circuit chip for which the crystal oscillator portion 
is providing a suitable, stable periodic timing reference signal. Only the resonating crystal 
portion (co'stal resonator or quartz crystal resonalor) is provided as an off-chip component. This 
particular configuration allows for considerable savings in component parts costs by partitioning 
more and more functionality into the integrated circuit chip itself 

A more detailed description of the oscillator is provided in U.S. Patent Application No. 
09/438,689 filed November 1 2, 1 999 (B600:33758) entitled "Differential Crystal Oscillator" by 
Christopher M. Ward and Pieter Vorenkamp; based on U.S. Provisional Application No. 
60/1 08,209 filed November 12, 1 998 (8600:33588), the subject matter of which is incorporated 
in its entirety by reference. The oscillator's output is a differential signal that exhibits high 
common mode noise rejection. Use of a low noise reference oscillator with differential signal 
transmission allows the synthesis of stable low noise local oscillator signaJs. Advantageously 
in the present exemplary embodiment of the invention a unique generation of the local oscillator 
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1 signals allows complete inlegralion of a receiver circuit on a CMOS intcgraled circuit by 

reducing noise in the signal pEith. 

Frequency synthesizers and a radio frequency receiver often incorporate phase locked 

loops thai make use of a crystal oscillator as a frequency reference. A l*LL is used to provide 
5 coarse luniiig within tlic frequency band of iiileresl while n second PLl. provides fme tuning 

steps. Advantageously, the present embodiments of the invention utihzc a method of coarse/fmc 

PLL adjustment to improve the pcrfomiance of the integrated tuner. 

COARSE/FINn PLL ADJUSTMENT 

10 FIG. 1 9 is a diagram illustrating receiver tuning. The combination of a wide hand PIA. 

1908 and a narrow band PLL 1910 tuning provides a capability to fmc tune a receiver's LOS 
1902, 1904 over a large bajidwidih in small frequency steps. For the exemplar)' embodiments 
of QAM modulation a small frequency step is 1 00 kHz, arid 25 kHz for NTSC modulation. Fine 
tuning is available over an entire e.\emplar>' 50 MHz to 860 MHz impact frequency band width 

1 5 1906. The first PLL 1908 lunes a first LO 1902 in large 10 MHz frequency steps and the second 
PLL 1910 tunes a second LO 1904 in much smaller steps. The first intermediate frequency (IF) 
filler 1912 has a suflkiently wide band width to allow up to 10 MHz frequency error in tuning 
the first intermediate frequency, with the narrowband PLL providing final fine frequency tuning 
to achieve the desired final IF frequency 1914. 

20 FIG. 20 is a block diagram of an exemplar)' tuner 2002 designed to receive a 50 to 860 

MHz bandwidth signal 2004 containinu a multiplicity of chcinnels. In this exemplar)' band of 
frequencies, there are 136 channels wiiii a spacing between channel center frequencies of si.x 
megahertz 2008. The tuner selects one of these 136 channels 2006 thai are at a frequency 
between 50 and 860 MHz by tuning lo the center frequency of the selected channel 201 0. Once 

25 a channel is selected the receiver rejects the other channels and distortion presented to it. The 
selected channel is down converted to produce a channel centered about a 44 MHz intermediate 
frequency (IF) 201 2. Alternatively the value of the intermediate frequency ultimately produced 
by the tuner may be selected utilizing the method of the invention to provide any suitable final 
IF frequency, such as 36 MHz. 

30 In selecting one of these 1 36 channels, a maximum frequency error in the local oscillator 

(LO) frequency used to tune the channel to a given IF of plus or minus 50 kHz is allowable. 
Using one frequency conversion to directly tune any one of the 136 channels to 44 MHz would 
require a tuning range in the local oscillator of 810 MHz. This would require a local oscillator 
that tunes from 94 to 854 MHz, if utilizing high side conversion. Achieving this with a single 

35 LO is impractical. Tuning range in local oscillators is provided by varactor diodes that typically 
require 33 volts to tune them across their mning range. Additionally, within this tuning range a 
frequency tuning step of 100 kHz is required to ensure that the center frequency of a tuned 
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channel is tuned within plus or minus 50 kHz. Thus, a large range of frequencies would have to 
be tuned in small increments over a 33 volt tunini; signal range. 

Reluming lo FIG 19 illustrating the frequency tuning method of the invention an 
excmpla,7 50to860MHzsienal 1906 is presented toafirs.mixerl916thatis tuned withawide 

bund PLL 1908 that tunes a first LO 1902 in frcc,uency steps of 10 MH... This local oscillator 
1 90^ is set to a frequency that will nominally center a channels that has been selected at a first 
IF of 1 200 MHz 1918. The first IF 1918 is then mixed 1920 lo the second IF of 275 MHz 1922. 
This is done by the narrow band PLL 1 91 0 that tunes a second LO 1 904 in frequency steps of 1 00 
kHz The second IF 1922 is next mi.ved 1924 down to a third IF 1926 of 44 MHz by a third local 
oscillator signal 1928. This third local oscillator signal 1930 is derived from the second local 
oscillator or narrow band PLL signal by dividing its frec|uency by a factor of four. 

FIG 2 1 is an exemplary .able of frequencies utilizing coarse ;md fine PLL tumng lo derive 
a 44 MHz IF ("IF-3"). A process is utilized to determine the wide and narrow band PLL 
frequencies. The relationship between the wideband PLL and narrowband PLL frequences to 
yield the desired intemediate frequency is found from: 

(4) 

FL01-Fsig-(5/4*FL02)=Fif 



where: 

FLOl: PLLl frequency (lOMHz steps) 
FL02: PLL2 frequency 

(e.g., 25kHi'100kHz'200kHz or 400kHz step) 

Fsig: Input signal 

Fif (e.g., 44MHz or 36MHz or whatever IF is required) 



Example: 

1250M - 50M - (5/4 ♦ 924.8M) = 44M 

where: Fsig = SOMHz 

FLOl = 1250MHz 
FL02 = 924.8MHz 
Fif = 44MHz 



FIG 21 and 22 utilized this formula to derive the values entered into them to tune the 
exemplary cable TV signals "Frf. For example the first column 2102 of the table lists the 
frequencies needed to tune a signal centered at 50 MHz ("Frf ') to a 44 MHz final IF ( IF-3 ). 
To tune a received channel centered at 50 MHz a first LO of 1 ,250 MHz ("LO- 1 ") is provided 
by a wide band, or coarse, PLL. This produces a first IF of 1 .200 MHz ("IF-l "). Next uuhzmg 
1 00 kHz tuning steps to adjust LO 2, it is set to 924.8 MHz ('^0-2"). Note this is not exactly 
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1 925 MHz. Dividing the second LO by 4 in this instance yields 23 1 .2 MHz for a third LO ("LO- 
3"). When LO 3 is applied to the second IF of 275.2 a third IF of 44 MHz ("IF-3") is produced. 
This tunine iurangemenl is illustrated for received chimncls having a six MHz channel spacing 
as can be seen from the hnc entitled "Frf In each case the coarse fine tuning approach yields 

5 a third IF C1F-3") of 44 MHz. 

FIG. 22 is an illusiraiion of an alternative embodiment of the coarse and fme PLL tuning 
method lo produce an exemplary fmal IF of 36 MHz. In this case as previously, a first IF (IF-1 )is 
luned 10 1 ,200 MHz plus or minus 4 MHz. And second LO (LO-2) is close lo 930 MHz, utilizing 
a small offset to yield a third IF of 36 MHz (IF-3). These predetermined tuning frequencies arc 

10 stored in a memor)' and applied when a command is given to tune a given channel. Allcrnatively 
an algorithm may be supplied to produce the tuning frequencies. It is understood thai these 
frequencies arc exemplar)' and other frequencies that utilize this method arc possible. 

Thus, it can be seen that the interaction of course and fme PLL frequencies are utilized 
10 produce a third IF of 44 MHz. A second LO (LO-2) is maintained close to a frequency of 925 

1 5 MHz 10 tune each of the chajinels. However, it is slightly off by a very small tuning step of 100 
kHz. Note that the first IF (IF- 1) is not always right at 1,200 MHz. Sometime it is off by as 
much as 4 MHz cither above or below 1,200 MHz. This error will still result in signal 
transmission through a first IF filler. The maximum error utilizing this scheme is plus or minus 
4 MHz. 

20 This method of PLL adjusimeni is described in more detail in U.S. Patent Application No. 

09/438,688 filed November 12, 1999, (8600:34015) entitled "System and Method for 
Coarse/Fine PLL Adjusimenis" by Pieier Vorenkamp, Klaas Bull and Frank Carr; based on U.S. 
Provisional Application No. 60/108,459 filed November 12, 1998 (6600:33586), the subjeci 
matter of which is incorporaled in its entirety by reference. 

25 A coarse, and a fine PLL use a common reference frequency oscillator. Local oscillator 

signals produced by the firequency synthesizer's phase locked loops inject noise produced in the 
reference frequency oscillator and the PLLs into a signal path through the PLL output. Noise 
injected can be characterized as either phase noise or jitter. Phase noise is the frequency domain 
representation of noise that, in the time domain is characterized as jitter. Phase noise is typically 

30 specified as a power level below the carrier per Hertz at a given frequency away from the carrier. 
Phase noise can be mathematically transfomied to approximate a jitter at a given frequency for 
a time domain signal. In a clock signal jitter refers to the uncertainty in the time length between 
zero crossings of the clock signal. It is desirable to minimize the jitter produced in an oscillator 
circuit and transmitted through the signal chain into the signal path to prevent noise degradation 

35 in the receiver path. Equivalently , any oscillator producing a stable output frequency will suffice 
to produce a reference frequency for the PLL circuitry. 
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1 Another obstacle to inlcgraling an entire receiver on a single CMOS chip has been the 

inability to fabricate a satisfaclor)' filler structure on ihc chip. As previously described, a 
niuhiiudc of unwanted frequencies created through circuit non linearities arc a major obstacle in 
achieving salisfaciory receiver performance. Filtering is one method of eliminating these 

5 unwanted spurious signals. An integrated filler's center frequency lends to drifi, and needs 
calibration lo mainlain performance. To successfully use filtering on chip, an auto calibration 
loop is needed to center the filler response. 

FIG. 23 is a block diagram ofa dummy component used lo model an operative component 
on an integrated circuit chips. Aecording to one aspect of the invention, a dummy circuit on an 

10 integraled circuit chip is used to mode! an operative circuit that lies in a main, e.g. RF, signal 
path on (he chip. Adjustments are made to the dummy circuit in a control signal path outside the 
main signal path. Once the dummy circuit has been adjusted, ils .state is transferred lo the 
operative circuit in the main signal path. Specifically, as shown in FIG. 23, there is a main signal 
path 2201 and a control signal path 2202 on an integrated circuit chip. In main signal path 2201 , 

1 5 a signal source 2203 is coupled by an operative circuit 2204 to be adjusted lo a load 2205. Main 
signal path 2201 carries RF signals. Signal source 2203 generally represents the portion of the 
integrated circuit chip upstream of operative circuit 2204 and load 2205 generally represents Uie 
portion of the integrated circuit chip downstream of operative circuit 2204. In control signal path 
2202, a control circuit 2206 is connected to a dummy circuit 2207 and to operative circuit 2204. 

20 Dummy circuit 2207 is connected to control circuit 2206 to establish a feedback loop. Dunmiy 
circuit 2207 replicates operative circuit 2204 in the main signal path in the sense that, having 
been fonned in the same integrated circuit process as operative circuit 2204. its parameters, e.g., 
capacitance, inductance, resistance, are equal to or related to the parameters ofopcrativc circuit 
2204. To adjust operative circuit 2204, a signal is applied by control circuit 2206 to dunimy 

25 circuit 2207. The feedback loop formed by control circuit 2206 and dummy circuit 2207 adjusts 
dummy circuit 2207 until it meets a prescribed criterion. By means of the open loop connection 
between control circuit 2206 and operative circuit 2204 the stale of dummy circuit 2207 is also 
transferred to opcralivc circuit 2204, either on a one-to-one or a scaled basis. Thus, operative 
circuit 2204 is indirectly adjusted to satisfy the prescribed criterion, without having lo be 

30 switched out of the main signal path and without causing disruptions or perturbations in the main 
signal path. 

In one implementation of this dummy circuit technique described below in connection 
with FIGS. 24a-c and FIGS. 25-27, operative circuit 2204 to be adjusted is a bank of capacitors 
in one or more operative bandpass filters in an RF signal path, dummy circuit 2207 is a bank of 
35 related capacitors in a dummy bandpass filter, and control circuit 2206 is a phase detector and 
an on-chip local oscillator to which the operative filler is to be luned. The output of the local 
oscillator is coupled to the dummy filter. The output of the dunimy filter and the output of the 
local oscillator are coupled to the inputs of the phase detector lo sense the difference between the 
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1 frequency of the local oscillator and the frequency to which the dummy filter is tuned. The 
output of the phase detector is coupled to the dummy filter lo adjust its bank of capacitors so 
as to tune the dummy filter lo the local oscillator frequency. After the dummy filter is luned, the 
slate of its capacitor bank is transferred, cither on a one-to-one or scaled basis, lo ihe operative 

5 filler. Since Ihc ciipacilor bank in the dummy filter replicates that of the operative filler, ihe 

frequency to which the operative filler is luned can be easily scaled lo the frequency of the 
dummy filler. 

In another implementation of the dummy circuit technique described below in connection 
with FIGS. 28 lo 33, operative circuit 2204 to be adjusted is a filter having a spiral inductor that 

10 has a temperature sensitive internal resistance. Dummy circuit 2207 has an identical spiral 
inductor. Control circuit 2206 has a conlrollable variable resistor in scries with the inductor of 
dummy circuit 2207. The controllable resistor is driven by a feedback loop lo offset changes in 
the internal resistance of the inductor of dummy circuit 2207. Operative circuii 2204 has a 
similar conirollcd resistor in series with its inductor lo U-ansfer die resistance value of the 

1 5 controllable resistor in conlrol circuit 2206 to the resistor of the operative circuit 2204 in open 
loop fashion. 

FILTER TL^NING 

FIG. 24a is a block diaj^ram illustrating the use of a tuning circuit ouiside of a signal path 

20 to tunc bandpass fillers present in a receiver. A tuning circuii 2302 utilizes a substitute or 
"dummy^' filter stage 23 1 0 to derive tuning parameters for a filter bank 2304 present in a signal 
path 2306. 'I'hc tuning circuit utilizes a local oscillator signal 2308 available in ihe receiver to 
tune llie dummy filter 23 1 0 to the center frequency of ihe local oscillator. Once luned, the dummy 
filters 2310 tuned component values that result in a tuned response at the local oscillator 

25 frequency are scaled in frequency and applied to the bandpass filter 23 12. The fillers are tuned 
at startup, and the tuning circuitr)' is turned off during normal operation. This prevents the 
injection of additional noise into tlie signal path during operation. 

FIG. 24b is a flow diagram of the tuning process in operation receiver is initially powered 
up 2312 and local oscillator signals generated by PLLs are centered at their design frequency 

30 2314. Once the PLLs are locked their frequency is a knowTi condition. Next substitute filter 
tuning is initiated 2316 and performed. When finished a signal is received back from the filter 
tuning network indicating that it is ready 23 1 8. Information from the tuning network is copied 
to the receive path filter circuit 2320. Next the filler tuning circuit is turned off 2322 
disconnecting it from the filter circuit. In the embodiments of the invention the narrow band PLL 

35 (2308, of FIG. 24a) is used as reference frequency in the tuning circuit. However, it is understood 
that this tuning technique may be utilized with any readily available signal. 

Returning to FIG. 24a, in an exemplary embodiment of the invention a 925 MHz signal 
is directly available from the narrow band PLL 2308. It is used lo tune the dummy filter 2310 
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1 contained in the tuning circuit 2302 associated with the 1 ,200 MHz filler 2304. After the dummy 
filler is tuned to 925 Ml-l/, frequency scaling is used to obtain the proper component values for 
the 1 ,200 MHz filter response to be centered. The cxemplao' 925 MHz signal generated by the 
narrow band PLL is divided by 4 lo yield a 23 1 MHz third LO signal utilized in additional tuning 
5 circuitry. 

Other divisions or multiplications may be equivaiently used to tune dummy fillers. A 
second exemplar)' filler tuning circuit 2302 for a 275 MHz filter contains a dumniy fiher 2310 
thai is tuned to a center frequency of 23 1 MHz. Once tuned, the component values used lo center 
the 23 1 MHz dummy filler 2310 are scaled to yield a centered response for the 275 MHz filter 

10 2304. Al this point in lime the tuning circuits 2302 are switched off ll is especially important 
to turn off the exemplao' tuning circuits on the 275 MHz filler since ihe 231 MHz signal used 
to tune its dummy filler falls in an exemplao' 50-860 MHz band. 

It is to be understood that any available frequency may be used to tune a subsiiluie filter 
so that another filter, thai does not have an appropriate tuning signal present, may be tuned, fhis 

1 5 is done by scaling the component values of the luned dummy filter to values appropriate for the 
filler not having the tuning frequency present. Tuning values obtained for a dummy filter may 
be applied to all filters present in a bank of filters having a common center frequency. Also 
tuning values obtained for a dummy filler may be applied lo multiple filters present having 
differing center frequencies by applying diflcring scaling factors. Finally multiple filters at 

20 different locations in a signal path that have common center frequencies may be luned by a 
common tuning circuit. 

Capacitors disposed on an iniegrated circuit var>- in capacitance value by as much as +/- 
20%. Thus, lo provide a saiisfaciory receiver performance a method of tuning integrated filters 
that removes this variation in capacitance is needed. In an LC filler circuil either an induclance 

25 or a capacitance can be tuned. However, inductors are difficult to tune. Therefore, in the 
embodiments of the invention values of capacitance present in the filters are tuned. In tuning the 
exemplary embodiments, one or more capacitors are switched in and out of an LC filler circuit 
to tune it. 

These capacitors are switched in and out of a filler circuit electronically. Capacitors with 
30 the same dimensions are provided in a bandpass filter and a dummy filler to provide satisfactory 
matching between the devices. Swilchable caps in the embodiments of the invention are MOS 
caps that are all of the same value and from factor. However, it is to be recognized that other 
weighting of capacitor values could be provided to achieve an equivalent function. For example, 
binary or 1/x weighted values of capacitors could be disposed in each filler to provide tuning. 
35 In the embodiments of the invention a bank of fixed capacitors and a bank of electronically 
tunable capacitors are provided. The adjustable capacitors in the exemplary embodiment 
represent 40% of the toul capacitance provided. This is done to provide for the ±20% variance 
in center frequency due to manufacturing variances. To accommodate other ranges of 



-41- 



wo 00/72446 PCT/IISOO/ 14683 

manufiiciuring variations or alleniative tuning schemes any fraction or all of the capacitors may 
be svviichable. it is also understood that any type ofswitchable capacitor, in addition to a MOS 
capacitor type may be utilized. 

FIGS. 24a-24c are exemplar)' illustrations of a tuning process utilizing switched 
capacilorii. Filter responses shown at the bollom plot 2402 illuslraie a tuning of a dummy liller 
23 10 thai is contained in a tuning circuit 2302 of FIG. 24a. A frequency response being tuned in 
the upper graph 2404 shows the luning of the exemplar)' 1,200 MHz bandpass filler 2304 of 
FIG. 24a. Initially none of the switched capacitors are applied in a dummy filler circuit. This 
places ihc filler response initially 2406 above the final desired liincd rciiponsc frequency 2408. 
In ihis example capacitors are added until the filler response of the dummy filler is centered aboui 
925 MHz. l-lowever, the tuned response of ihe 925 MHz dummy filler 2408 is not the desired 
center frequency of the bandpass filler in the signal path. The values used in lo tune the dummy 
filter would not tune the 1 ,200 MHz filter to the correct response. Frequency scaling is used to 
lune ihe desired response. This can be achieved because identical capacitors disposed on a chip 
are ver)' well matched in value and parasitics. In particular capacitor matching is easy to achieve 
by maintaining similar dimensions between groups of capacitors, in scaling a response lo 
deiermine a capacitance to apply in a bandpass filler, identical inductance values have been 
maintained in the dummy and bandpass circuits. Thus, only a scaling of the capacitors is 
necessan*. The frequency relation in the exemplar) embodiment is given by the ratio: 



(L,)(C\) 

For this particular embodiment utilizing identical inductor values L, = L,. This reduces to: 



(6) 



(C,) 

For the exemplary embodimeni this is equal lo 925/1 200, or a capacitance ratio of 3 :5. However, 
it is understood that other ratios will allow tuning to be performed equivalently. 

Reluming to FIG. 24a various control signals applied to the tuning circuit are shown. In 
the event that the tuning is slightly off after the tuning procedure, an offset control circuit is 
provided within the tuning circuit of FIG. 24a to move the tuning of the filters up or down 
slightly by providing a manual means of adding or removing a capacitor. This control is shown 
by an "up/down" control line 2324 of FIG. 24a. The exemplary tuning circuit of FIG. 24a is 
additionally provided with a '*L0" 2308 tuning frequency to tune the dummy filter. The " 1 0 MHz 
reference" signal 2326 is utilized as a clock in the tuning circuit that controls the sequence of 
adding capacitors. The ''reset" signal 2328 resets the luning circuit for the next tuning cycle. 

FIG. 25 is a block diagram of an exemplary tuning circuit. A reset signal 2502 is utilized 
to eliminate all the capacitors from the circuit at power up by resetting a counter 2504 that 
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controls the application of .he switched capacitors. -11.0 reset signal may be initiated by a 
controller or generated locally. This provides a known starting point for filter tumng. Next a 
niter r.Burc of mcrU ..s examined to dctemnnc itcrativcly when to stop tuning. 

FIG ^6 illu.slralcs the an.plitude 2602 and phase 2604 relationship in an LC f.llertuned 
to its center frequency. Ic. In tuning a f.lter to a center frequency two responses are available lor 
exanunation. Amplitude and phase response arc parameter.s that ,.ay be used to tunc the fd.er^ 
For a wide band LC filter amplitude response 2602 ,s not the optimal parameter to monUor. At 
the center frequency the top of the respon.se curve is Rat making it diff.cul. to judge ■ the 
response is exactly centered. The phase response 2604 however, has a rather pronouttced slope 
at the cetuer frequencv. The steep slope of the phase signal provides an easily discernable 
transition for determining when the center frequency has been reached. 

Returning to FIG. 2.S, phase detection is used to detect when a dummy Liter 2506 has 
been tuned. An exemplary 925 MHz input from a narrow band PLL ts inptit 2508 to a phase 
detector ^510, The phase detector compares the phase of a signal input to a dummy filter 508 
,0 a phase of the output 25 1 2 of that filter 2506. The phase detector produces a signal that is 
internally low pass filtered to produce a DC signal 2514 proportional to the phase difference of 
the two input signals 2512. 2508. ^^'hen tuned there is a 90 degree phase shift across capacitors 
internal to the phase detector, that corresponds to 0 degrees of phase shift across the filter. Zero 
(0) degrees of phase shift produces a 0 volt output. Since it is k.o.. that .-i.h the capacitors 
switched out of the filter circuit 2506 that the center frequency of the filter .s high he 
comparator 2516 following the low pass filter is designed to output 2518 a high signal that 
enables filter capacitors to be switched in until the phase detector 2510 indicates no phase 
difference is present across the filter 2506 at the tuned frequency. With a zero degree phase shift 
detected the comparator 2516 disables the counter preventing any further capacitors from being 
switched into the filter circuit, . 

The phase detector 25 1 Oof the exemplai^ embodiment utilizes a gilbert cell mixer 2512 
and an integral low pan f.lter 2525 to detect phase. However, other phase ''e'-to« may be 
equivalently substituted for the mixer circuit. The 90' phase shift between an , port 2508 and a 
. port 2512 is being detected by the mixer. A 90° phase shift between the / and the q signals in 
the mixer provides a 0 volt output indicating that those signals are tn quadrature relation to each 
other. The signals are shown as differential signals, however single ended s.gnals may 
equivalently be used. 

The phase detector out 25 1 4 is next fed into a comparator 2516 that ts set to trtp on a zero 
crossing detected at its input. When a zero crossing ,s encountered as the phase detector output 
approaches zero, the comparator latches and a counter 2504 is shut off artd reset 2518. The 
comparatorfunctionisequivalentlyprovided by any standard comparatorcircuttknownby those 

skilled in the art. 
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1 The counter 2504 counts based on the 10 MHz reference clock 2524, although many 

periodic signals will suffice as a clock. As the counter advances more filter capacitors are 
switched into the circuit, hi llic embodiments of the invention i 5 control lines 2526 arc used to 
simuhancously switch the capacitors into the dummy filter and the bandpass filler bank. The 

5 control lines remain hard wired lo both filters 2528, 2506, :ind are not switehed off However, 

once the comparator 25 1 6 shuts the counter 2504 off the tuning circuit 2530 is inactive and does 
not affect the band pass filter 2520 in the signal path. 

FIG. 27 is a schematic diagram showing the internal configuration of svvilchable 
capacitors in a differential signal transmission embudimenl of the dummy filler 2506 imd the 

10 construction of the phase detector 25 1 0. A set of fifteen control lines 2526 arc utilized to switch 
fifteen pair of MOS capacitors 2702 on ixnd off The capacitors are switched in and out by 
applying a given control signal to a virtual ground point 2704 in this configuration. Thus, when 
the capacitors are comiected as shown the control signal is being applied at a virtual ground. 
Thus, parasitic capacitances at this point will not affect the filter 2506 performance. A gain 

15 producing LC stage 2706 of the dummy filler is of a differential configuration and has its LC 
elements 2708 connected in parallel with the MOS capacitors 2702. 

Thus, with a capacitance ratio of 3:5 being utilized in the exemplary one line of 
embodiment a hard wired bus 2526 going to the dummy filler 2506 will switch in 5 unit 

20 capacitors, while the other end of the line that goes to the bandpass filter (2528 of FIG. 25) in the 
signal path will switch in 3 unit capacitors. 

In ihc mixer circuit that is used as a phase detector 27 10 in the exemplar)' embodiment, 
differential image ("i") signals ly and 1^, and differential quadrature ("q") signals Qj.and are 
input lo the phase detector. A conventional Gilbert cell mixer configured as a phase detector 

25 2710, as shown, has delay between the / port 2508 and g port 2512 to the output 2514. The / 
delay lo ihe output tends lo be longer due lo the fact that it must travel through a greater number 
of transistors than the q input to output path. Thus, even if / and q are exactly 90 degrees out of 
phase a DC offset tends to produced due to the path length differences causing a phase error. To 
remedy this situation a second Gilbert cell mixer is duplicated 2710 and connected in parallel 

30 with the first 27 1 0. However, the / port and the q port connected lo the mixer 27 1 2 are swapped 
lo average out the delay thus tending to reduce the offset. This results in an almost 0° output 
phase error that is independent of frequency. Other types of phase detectors and other means of 
equalizing the delay, such as a delay line are understood by those skilled in the art to provide an 
equivalent function. 

35 In the embodiment shown, the loss pass filler is implemented by a single capacitor 2714 

at each output. However, other equivalent methods of achieving a low pass filler known lo those 
skilled in the art are acceptable as well. 
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A method of niter tuning the advantageously uses the frequency synthesizer output is 
fully described in U.S. Patent Application No. 09/438,234 filed November 12. 1999 
(B6(){) 34013) entitled "System ai,d Method for On-Chip Filter Tuning" by P.etcr Vorenkamp. 
Klaas Bult and Frank Cart; based on U.S. Provisional Application No. 60/108.459 filed 
November 12. 1998 (B600;33586). the subject nrallcr of which is incorporated m its entirety by 
reference. 

Filters coniain circui. elements whose values are fre<,uencY and temperature dependent. 
The lower .he frequency, the larger the size of the element required to realize a given value^ 
These frequency dependent circuit elements are capacitors and inductors. The fabrication of 
capacitors is not as problematic as the labncalion of mductors on an m.cgralcd circuit. Inductors 
require relatively more space, and because of their si^e has a temperature dependent Q. 

ACTIVE FILTER MULTI-TRACK INTEGRATED SPIRAL INDUCTOR 

FIG -8a is a plan view of a multi-track spiral inductor 2800 suitable for integration onto 
an integrated circuit, such as one produced with a CMOS process. A standard CMOS process 
often utilizes a limited number of layers and a doped substrate. These conditions do not provide 
optimum conditions for fabrication an on chip inductor. Currents induced in the heav.ly doped 
substrate tend to be a source of sigmf.can. losses. The multi-track inductor 2800 is made from 
several long narrow strips of metal 2804, 2806 connected in parallel 2808. 2810 and disposed 
upon an integrated circuit substrate 2802. A multi-track integrated spiral inductor tends to 
produce an inductance with a higher Q. High Q ,s desirable to achieve lower noise Hoors, lower 
phase noise in oscillators and when used in filters, a better selectivity. To reduce series resistance 
and thus improves the Q of a spiral inductor, a single wide track width in the spiral is typically 

used by those skilled in the art. 

Skin effect is a frequency dependent phenomena, occurring where a given current is 
present in a conductor, that produces a current density in the conductor. At DC, where the 
frequency is zero, the current density is evenly distributed across a conductor's cross section. As 
the frequency is increased the current crowds to the surface of the conductor. At high frequency 
substantially all of the current tends to flow in the surface of the conductor. Thus, the current 
density a. the center of the conductor is veo' low. and at the surface it is greater. A skin depth 
is the depth in the conductor (6) at v.hich the current is 1 /e=0.368 the value of the cunenl on the 
surface. The equation for skin depth is: 

(7) 

6={2nfo^y'' 

where: 

f=frequency in Hz 

o=conductivity of the conductor in mhos/m 
^=penneability in Henrys/m 
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I As can be seen from the equation (7) the frequency increases the skin depth decreases. 

When track width is increased beyond 10-15 \xn\ the skin effect causes the series 
resistance of a spiral inductor to increase at high frequencies. Thus. Q is reduced even though 
a wide track has been used. This U-end tends to limit the maximum Q achievable in integrated 

5 spiral induciors. 

Reduced Q al liigh frequencies in spiral induciors having a wide track width lends to be 
caused by eddy currents induced in a spiral inductor's inner sections 2812. Multiple niurow 
tracks placed side-by-side 2804, 2806 tends to reduce the eddy currents produced. In a spiral 
inductor eddy currents lend lo produce a niugnclic field opposing a desired magnelic field that 

10 produces a desired induclance. Thus, by reducing the eddy ciu-rents the desired inductance is 
more efficieruly produced with less loss, hence raising ihe inductor's Q. 

The multi-track technique is advajilageously utilized in applications requiring a winding. 
Examples of devices utilizing multi-track windings comprise: planar spiral induciors 
(rectangular, ociagonal or circular pallems) iransfonners, and baluns. These devices arc suiiable 

1 5 for mcorporation into architectures comprising; integrated circuits, hybrid circuits, and printed 
circuit boards. 

The first exemplary embodiment shouii in FIG. 28a is of a square spiral inductor 2800 
that is wound in two turns with several narrow tracks 2804, 2806 disposed in parallel upon a 
substrate 2802. Equivalenlly any number of track may be used to achieve a multi-irack design. 

20 A turn is counted each time the track is wound around in a spiral such that a starting point 28 1 4 
is passed. Typically 5 lo 20 lums are utilized in a spiral, with 3 lo 10 producing optimum 
perfomiancc. .'Miernative embodiments of the invention equivalcntly utilize one or more turns 
as required to achieve a desired inductance for a given track width. 

For example a single track spiral inductor is designed to have a single track width of 

25 30 pm in a given number of turns to produce a desired induclance. By splitting an exemplary 
30 pm wide track into two 15 pm tracks 2804, 2806 disposed in parallel on the substrate, the 
inductor Q tends to increase. A typical Q for the single track inductor with a track-width of 30 
mm is 5. 1 4. The Q of the exemplary dual track inductor 2800 with two 1 5 mm tracks 2804, 2806 
in parallel is typically 5.71. Thus, utilizing two narrower tracks in parallel tends to yield an 

30 improved Q over a single wider track. A typical improvement in Q for splitting an inductor's 
track is in excess of 10%. A ftirther splitting of an inductor's tracks into multiple narrower 
parallel tracks tends to further increase the measured Q. 

FIGS. 28b-28g illustrate various planar devices comprising inductor 2820, 2822, 2824, 
2816 and transfomier 2826, 281 8 configurations suitable for incorporating multiple tracks into 

35 their designs. The devices are shown with single tracks for clarity. However, it is understood 
that each of the tracks shown in the devices may comprise multiple tracks constructed as 
described below. The method is advantageously used in, various planar inductor topologies 
comprising square 2820, octagonal 2822, and circular 2824. 
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An example of a 3-lum symmelric inductor is shown 2816. Each of the single tracks 
shown is sub-divided into multiple tracks as described below. The multiple tracks are joined only 
ai the cuds 2826. A series ofphantoni lines 2828 indicate tracks on a different layer, connected 
to a track shown by a solid hne using one or more vias. When routing multiple vertical tracks 
2825 thai are lied in coninion with vias 2827 to a different layer the tracks being routed may be 
reduced to one track 2829, or the multiple verlical structure may be maintained 2831. This 
method is suitable for suitable for symmetric inductors of any number of turns. 

The symmetric inductor 281 6 may be used as a building block to construct a transformer 
2818, A second symmetric inductor 2833 is wound in parallel with the symmetric inductor 
shown 2816. The ends of the first inductor 2830, 2832 are kept separate from the second 
symmeiric inductor 2834, 2836. The resulting four ends 2830, 2832, 2834, 2836 comprise tlie 
transformer coiuiections. The symmelric inductor with a parallel winding 2818 is suitable for 
use as a balun for converting single-ended signals to differential signals and vice versa. The 
coupling is provided by ihe winding arrangement. 

Aliernaiivcly two symmetric inductors of the type shown 2816 are placed substantially 
on top of each other, on different layers to produce a transformer, or balun as previously 
described. 

FIG. 28h is an illustration of a second embodiment of an inductor having a single winding 
comprising five tracks 2838 per layer. The tracks are a maximum of 5 jam wide. The 
embodiment comprises one or more layers. The second embodiment further comprises a square 
spiral fonn factor constructed from five conductive tracks 2838 per layer formed into a single 
turn. Individual tracks are kept at a maximum width ol'5 /;m. A 0.6 gap between adjacent 
tracks 2840 is maintained. The minimum gap is a requirement for a given process. Here it is a 
limitation of the CMOS process. At frequencies between 2 GHz and the inductor's self-resonani 
frequency an inductor constructed of multiple tracks of widths up to the maximum width tends 
to exhibit improved performance in quality factor (Q). Utilizing multiple narrower U-acks in 
parallel tends to yield an improved Q over a single wider track, and a single double track 
inductor. The tracks in each layer are connected at their ends by a conductive strip 2842. 

In a third exemplar)' embodiment six tracks are disposed on a layer. In the embodiment, 
a 30 mm track inductor is split into six parallel tracks of 5 mm each. Utilizing 6 Uacks tends to 
improve the Q from 5.08 to 8.25, a 62% increase in Q. Improvements in an inductor's quality 
factor tends to improve the suitability of spiral inductors for use in high frequency circuits. For 
example multi-track spiral inductors are advantageously used in high frequency voltage- 
controlled oscillator (VCO) and nined amplifier circuits. 

FIG. 28i illustrates the placement of tracks 2844, 2848 in a layered structure 2846. In 
constructing an inductor according to this technique a set of parallel tracks 2844, 2848 are 
disposed side-by-side in a arraignment similar to that of coupled transmission lines. The side by 
side pattern is disposed in multiple layers M5, M4, M3. Each track disposed in a common layer 
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1 has a suirling point and an ending point. Each track's starting point 2850 in a layer is coupled 

together, and each track's ending point is coupled together in the layer 2852. A pass through 
track 2854 is disposed in a layer to provide access to the end of an inner turn. 

The placement of conductive via holes V2, V3, V4 in the embodiments of the invention 
5 couple the tracks in adjacent layers M2, M3, M4, M5. In the miiliiplc track inductors descrihed, 
the multi-tracks are joined together at the beginning ofa winding 2850 ajid again joined together 
at the end of the winding 2852 by a conductive material, Vias between layers are formed lo 
couple a bottom track to one or more tracks disposed in layers above it. Vias are utilized along 
the length of the track. 

10 Thus, by utilizing this technique u group of multiple tracks are fomied in a first 

embodiment by disposing tracks in a combination of vertical layers M2, M3, M4, M5 and sidc- 
by-sidc in the same layer 2856, 2858. In a second embodiment an inductor is fomicd by 
disposing tracks side by side in the same layer. In a third embodiment an inductor is formed by 
layering tracks on top of each other vertically. By coiuiecting the track layers vertically using 

15 vias, the series resistance loss lends to be decreased due to increased conductor thickness. 

For example, in an embodiment three layers are utilized in which individual track width 
is limited to 5 lo 6 fjn\ in width, with four to six tracks disposed in parallel in each layer. In the 
embodiment vias are used vertically between metal layers to connect the tracks. The vias are 
used in as many places as possible along the length of each track to couple the layers. Mowcver, 

20 the parallel tracks in the same layer are joined to each other only at the ends. 

FIG. 28j is an illustration of an embodiment utilizing a shield 2860 disposed beneath an 
inductor 2862. A shield tends to double iiiducior Q in the 3-6 GHz frequency range for a lightly 
doped substrate, such as is utilized in a non-epi process, a 100% improvement. If a heavily 
doped substrate, such as is found in an epi-process is utilized, the shield tends not to improve 

25 inductor Q. The embodiment shown utilizes an n* shield 2860. An n+ diffusion advantageously 
lends to possess less capacitance between the inductor and ground plane than if polysilicon is 
used as the shield material. The ground planes are silicided n* material possessing a low 
resistivity. Silicided n* material is available in the fabrication process utilized in CMOS. 

FIG. 28k is an illustration ofa paUemed shield 2864 that is utilized beneath a multi-track 

30 inductor. A patterned n* shield is utilized beneath the inductor to reduce losses to the substrate. 
In the embodiment an n+ diffusion is provided in a fingered pattern of n+ regions 2866. 
Polysilicon is disposed in a series of gaps 2868 between the n+ fingers. The patterned shield 
provides shielding equivalent to a solid ground plane, but without undesirable eddy currents. The 
shield is disposed in a fingered pattern 2866 to prevent having a single large surface as a ground 

35 plane. Fingering tends to prevent the inducement of eddy currents flowing in one or more ground 
loops. Ground loops tend to cancel the inductance produced in the spiral. 

The finger structure of the patterned shield is constructed from an n* diffusion layer. The 
gaps between the fingers are filled with polysilicon material. The n* diffusion fingers and 
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polysilicon fingers formed by the filling arc not coupled to each other, thus preventing eddy 
current flow in the shield. An inlerdieitaled shield 2864 as described above tends to be an 
improvement over an n' only shield 2860 of FIG. 28j. The interd.gitalcd n+ frngcr sh>cld also 
tends to be an improvement over a higher capacitance r.ngcrcd polysilicon shield havmg gaps 

between the fingers, which is known in the an. 

The individual fingcrsoflikc material arc connected 2870. To suppress eddy currems and 

break ground loops care is taken in the connection ofrndividual fingers 2886 in a ground shield 
pattern The ends of the fingers in a row are connected by a conductive strip of metal 2870. This 
connection is repeated al each grouping. The groupings are connected 2870 to a single ground 
point 2874. In an embodiment a ring of conductive material is disposed on the substrate to 
connect the linger patterns. 

A cut 2876 in llic ring is added to suppress ground loop currems. fhe cut maintains a 
single point ground by only allowing the flow of currem in one direction to reach the single point 
ground 2874. 

One or more spirals of metal have a series resistance associated with them. A spiral can 
be quite long, thus, the series resistance of the inductor is not negligible in the design of the 
circuit even with a parallel comieciion of tracks. As the lemperaiure of the circuit rises, such as 
would occur aaer the initial power-up of an integrated circuit, the series resistance of die inductor 
increases, thus causing the Q to decrease. Circuitry is proMded to continuously compensate for 
this increasing series resistance. 

..Vn inductor, or coil, has always been a fabrication problem in integrated crcuilr.-. 
Inductors are typically not used in miegm.cd circuits due to the difficult)- of fabricating these 
devices with high Q's and due lo the large amount of area required to fabricate them. 

It is a rale of thumb that the higher the frequency the smaller the dimensions of the 
integrated circuit componem required in a filter to achieve a given set of circuit values. A spiral 
inductor of the type described in the embodiments of the invention allows an inductor with 
improved Q's to be satisfactorily fabricated on a CMOS substrate. Many alternative 
embodiments of the spiral are known to those skilled in the art. The realization of inductance 
required in any cmbodimem of the invention is not limited to a particular type of integrated 

inductor. •, • ■ i c 

The details of multi-track spiral inductor design are disclosed in more detail in U.S>. 
PatentApplicationNo. 09/493,942 filed January 28.2000, (B600;36491)entitled "Multi-Track 

Integrated Spiral Inductor" by James Y.C. Chang; based on U.S. Provisional Application No. 
60/117,609 filed Januaiy 28, 1999 (8600:34072) and U.S. Provisional Application No. 
60/136,654 filed May 27, 1999 (8600:34676), the subject of which is incorporated in this 
application in its entirety by reference. 

FIG 29 is an exemplary illustration of the possible effects of inductor Q on filter 
selectivity in a parallel LC circuit, such as shown in 2706 of FIG. 27. The Q of a spiral inductor 
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1 lends 10 be low. In order to advantageously control the Q so that the maximum performance of 
an integrated filter may be obtained, calibration of inductor Q is used. 

The overall effect of this is that when a device with high series resistance and thus, low 
Q is used as a component in a filter that the overall filter Q is low 2902. A high Q filter response 

5 is sharper 2984. The goal of a filler is to acliicvc frequency .sclcctiviiy. 'Ilic filler selectivity is 
the same electrical property as scleclivity in the 'Tront end" of the receiver previously described. 
If the filter has a low Q frequencies outside tiic pass band of tlie filter will not achieve as great 
of an attenuation as if the filter contained high Q components. The high degree of selectivity is 
required to rejeci ihe nuillitudc of undesirable distortion products present in a receiver that fall 

10 close to the uined signal. Satisfactory inductor dimensions and device Q have been obstacles in 
integrating fillers on a CMOS substrate. 

Prediction of the inductance yielded by the spiral is closely approximated by formula. 
However, prediction of the inductor's Q is more difficult, 'fhree mechanisms contribute to loss 
in a inonolithically implemented inductor. The mechanisms are metal wire resistance, capacitive 

1 5 coupling to the substrate, and magnetic coupling to the substrate. Magnetic coupling becomes 
more significant in CMOS technologies with heavily doped subslralcs, because the effect of 
substrate resistance appears in parallel with the inductor. The first four or five turns at the center 
of the spiral inductor conu-ibute little inductance and their removal helps to increase the Q. In 
spile of extensive rese<irch inductors implemented in CMOS possess Qs after limited to less than 

20 five. 

FIG. 30 is an illustration of a typical filter baiiic 3002 utilized in embodiments of the 
invention for filtering 1 and Q IF signals 3208. Band pass filters utilized in the embodiments of 
the invention have a center frequency f^ and are designed to provide a given selectivity outside 
of the pass bond. The exemplary filters 3002 also incorporate gain. Gain and selectivity are 

25 provided by an amplification ("transconductance") stage witli an LC load, resulting in an active 
filter configurafion that gives the filler response shown. Selectivity is provided principally by 
the LC load. The gain is attributable to the transconductance stage. The transconductance stage 
comprises a linearized difTerential pair amplifier that has an improved dynamic range. Over 
temperature the filler response degrades as indicated in FIG. 30. This degradation is typically 

30 attributed to inductors. 

With the spiral inductors utilized in the embodiments of the invention the gain of this 
filler stage is substantially determined by the Q or quality factor of the inductor. The Q is in turn 
substantially determined by the series resistance of the metal in the spiral of the inductor. The 
Q decreases as temperature increases causes an increase in inductor series resistance. The 

35 decrease in Q with increasing temperature adversely affects the filter characteristics. As can be 
seen in 306 at FIG. 30 as the temperature increases from 50°C 3004 to 1 00°C 3006 overall gain 
decreases, and selectivit)' is degraded. 
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1 ACTIVE FILTER UTILIZING A LINEARIZED DIFFERENTIAL PAIR AMPLIFIER 

A linearized differenlial pair amplifier is used in the aclive filters present in the receiver. 
The technique utilized to linearize the CMOS diiTercnlial pair described in li^ht ol' application 
to active filters may be utilized in any application in which a differential amplifier having a linear 

5 response is desirable. 

FIG. 3hi is a diagram ol an exemplar)' dincrcnlial iransconduciance stage 3102 with an 
LC load 3 104. Together the transconduciance stage and LC load make up a filter 3002 that is a 
part of filter bank 3001. The exemplary embodiment of the filler is disposed on a CMOS 
substrate that is part of an integrated receiver. 

10 FIG. 31b is a block diagram of a linearized differential pair amplifier thai is coupled to 

distortion canceling lineariziiiion circuit. Gain stage 3102 comprises a differenUal pair amplifier 
3103 that has a linearization circuit 3105 coupled lo form a linearized differential pair. In the 
embodiment shown the linearization circuit is coupled in parallel to the differenlial pair 
amplifier. 

1 5 The linearized differenlial pair typically improves maximum signal handling capability 

over that of a differential pair in excess of 19 dB. In the past, typical improvements with prior 
art linearization schemes applied to differential pair amplifiers tended to be around 7 dB. Thus, 
the approach described in the embodiment tends to have a dynamic range advantage of 12 dB 
over the prior art. 

20 An embodiment of the differential pair amplifier 3103 comprises a first and second FET 

transistor ML M2. Equivalently, other type of transistor arc coniemplaied as satisfaciorA' 
substitutes. A differential input comprises signals V,, and V,. coupled to the inputs of the 
amplifier 3 1 03 ajid linearization circuit 3 1 05. A differential output composes signals V^, and V^,. 
An embodiment of the linearization circuit 3105 comprises two or more auxiliary 

25 differential pairs 3 1 07, 3 1 09 respectively. Each auxiliary differential pair comprises a first and 
a second FET transistor. Auxiliary' differential pair 3107 comprises transistors M3 and M4. 
Auxiliary differential pair 3109 comprises transistors M5 and M6. Equivalently. other type of 
transistor are contemplated as satisfactory substitutes. Further improvements in linearization is 
possible by adding more auxiliary differential pairs. However, as linearization is increased the 

30 size of transistors contained in the additional auxiliao' differentia) pairs decreases. Thus, a limit 
in the linearization that may be obtained is set by the practical aspects of device matching and 
scaling. 

FIG. 3 1 c is an illustration depicting a representative channel of any one of the typical field 
effect of transistors M 1 , M2, M3, M4. A channel of length /, and a width and a thickness / is 
35 disposed on a substrate to fomi a field effect transistor (FET) as shown in FIG. 3 1 c. The channel 
is provided with ohmic contacts 3 1 1 1 for a drain connection and a source connection. 

In an exemplar)' embodiment of a filter designed to operate at 275 MHz the channel 
lengths of Ml, M2, M3, M4. M5, and M6 were chosen to have / = 0.6 jim. In Table I for an 
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I„.9 mA and n = 1 6 the channel widths for the transistors in the exemplary embodiment ol thc 
275 MHz filter are shown. 



Device Width 




W 




iss 


n 


1 .9um X 20 


2um X 5 


1 .95iim X 2 


ymA 


16 



Table I 



The subscripis in table 1 refer to the transistor that is associated wiih a given channel width. For 
example W, , refers lo the channel width of transistor M 1 and M2. 1^^ is the main pair tail current 
source, and n refers 10 the ratio of the main pair tail current source. 

Transistor M 1 ajid M2 has a width of 1 .9 [im x 20, irajisistor M4 and M5 have a channel 
width of 2.0 |.im x 5, and u-ansisiors M3 and M6 have a channel width of 1.95 pni x 2. In the 
notation used the dimension with an "x" refers to the number of u-ansistors coupled in parallel. 
For exajiiplc 2.0 x 5 refers 10 5 transistors with a 2 jam chaimel width coupled in parallel, to 
form an overall 1 0 pm channel width. An exemplar)' filter construcied with these channel widths 
and the fixed length cxJiibits a third order inlermodulation typically less than -70 dB when fed 
with a two-tone input, each tone having a magnitude of 125 mV^. 

The channel undths and lengths of the exemplar)' embodiment were chosen through an 
oplimiziUion process. The transistors in the auxiliar)' differential pair amplifiers, when stimulated 
by the amplifier input will produce a signal that when added 10 the gain stage output, will tend 
to reduce distortion. 

FIG. 3 Id is a block diagram showing the interconnection of a differential pair amplifier 
3 1 03 lo a linearization circuit 3105. Gain stage 3 1 03 is made up of a differential pair amplifier 
comprising a pair of transistors Ml and M2, each transistor having a drain, a source and a gate. 
Transistors M I and M2 tend to contribute to the majority of an overall amplifier gain produced. 

In the differential pair amplifier the sources of Ml and M2 are each coupled to a first 
terminal of a current source Ijs. A second lerminal of I„ is coupled to ground. Current source I„ 
is a conventional current source implemented in a manner knov/n to those skilled in the art. The 
drain of Ml is coupled to an output current I,. The drain of M2 is coupled to an output 
comprising current Ij. A differential input voltage is applied across a pair of terminals Vj,, Vjj 
that are coupled to the gates of Ml and M2, respectively. 

The two auxiliary pair differential amplifiers 3107, 3109 are present as shown. The 
auxiliary amplifiers lend to linearize the currents I, and Ij. Currents 3113 and 3115 tend lo 
subtract non-linear currents from current I, and current respectively. The gales of the 
differential pairs 3 107, 3 109 are also driven by the input differential voltage that is supplied to 
the differential pair amplifier 3 1 03. 
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The relationship of transistor parameters of channel length and width (of FIG. 3 1 c) in 
transistors Mi , M2 to the transistor parameters of M3. M4, MS, M6, contained in the auxiliary 
dilTcrcntial pair umplif.ers 3107 and 3109 of the linearization circuit. ,s to minnnize distortion. 
The transistors function in relation to each other such that distortion created by the transistors in 
the differential pair a-iipliller generating current outputs 1, and 1, lends to be reduced by li.e 
currents generated by the transistors M3, M4, M5, M6 ofihe auxiliary diflerenlial pair amplifiers 
3 1 1 3, 3 1 1 5 In order to select appropriate transistor parameters a new CMOS differential pair 
lincad/.-iiion technique is utilized. The technique is found from examining the operating 
parameters of a differential pair amplifiers and cross coupled differential pair amplifiers. 

FIG. 31c is a schematic illustrating a CMOS diffcremial pair of tran.sistors. In the 
exemplao' embodiment die transistors arc biased to operate in the saturation region. The 
differential pair of transistors generate a differential current output 1„ and I,„ that is proportional 
,0 a differential input voltage, supplied by a pair of voltages V„ and V, as referenced to a circuit 
ground potential. The differential pair of transistors is comprised of a first transistor Ml and a 

second transistor M2. 

Each transistor M 1 . M2 has a drain, a source and a gate terminal. The sources of M 1 and 
M2 are coupled to a first terminal of a current source I,, The current source 1„ has a second 
terminal which is coupled to the circuit ground. Current source 1„ is constructed conventionally 
as is known to those skilled in the an. The voltages V„ and V, are applied to the gates of 
transistors Ml and M2 respectively. The drains of transistors Ml and M2 supply the current 
outputs Iji and 1^, respectively. 

The differential pair of FIG. 3 le is biased so that each transistor Ml and M2 operates m 
the saturation region defined by (V„ - VJ,.,, . V,, for each transistor Ml and M2 Derivation 
of this relationship is disclosed in "Analysis and Design of Analog Integrated Circuit Design", 
by P R Gray and R.G. Meyer, 3'^ ed. John Wiley and Sons, 1983. the disclosure of which is 
herein incorporated in its entirety by reference. Where V,, is a gate source voltage as measured 
across the gate and source terminals of MI and M2, V^, is a drain source voltage as measured 
across the drain and source terminals of Ml and M2, and V„ is a threshold voltage associated 
with Ml and M2. A derived term V^, is defined in conjunction with equation (7.1) and is equal 
to on V -V^. The superscript notation Ml, 2 associated with V„ indicates the parameter is 
associated with transistors Ml and M2. When the differential pair shown in FIG. 3!e is biased 
in the saturation region the current and voltage relationship is given by equation (7,1). 



9* 



(7.1) 
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where: 



Nole lhat AV, denolcs the peak signal level for each of the ivvo signals. 
A scries expansion (or (l-x'/^ is applied lo equation (7.1) to obtain equation (7.2) as a 
1 0 current output defined in terms of a sum of a series of input voltages each raised to progressively 
greater exponential powers. 



15 



1 

128 



I I/- 



1024 



7^ 



(7.2) 



For small input signals AV; satisfying the condition, A V, « A V^^' the first linear tenn 
of equation 2 is much larger compared to the higher order terms. Under this condition, the output 
20 current AIj is almost a linear function of input voltage AV,. 

I lowever, as the input signal level approaches V'^^J-' higher order tenTis tend lo contribute 
more to the output current. The contribution of the higher order, nonlinear terms gives rise to 
spurious harmonic components and intennodulation distortion (IM3). Thus the differential 
amplifier behaves linearly for small input signals and begins to distort when large signals are 
25 applied. 

In filter design the more significant spurious response tends to be third order 
intermodulalion distortion. The following process for minimizing distortion is carried out by 
considering only intennodulation distortion present in a differential pair amplifier. 

For the differential pair of FIG. 3 1 e, third order intermodulalion distortion (IM3) is given 
30 in equation (7.6). 

To calculate IM3. the coefficients in the following equation must first be found: 

AI^ = a^v. 4- a^v/ + a^v.^ + a,v/ + a^v/ + «3g\^/+ (7.3) 

35 

Where Vj denotes the input voltage. 



-54- 



wo (M)/72446 PCT/lISO0/I4ri83 

By comparing equation (7.3) lo equation (7.6) the coefficients of equation (7.3) are determined: 



a = 0 



a = 0 



(7.4) 



128 - VJ' 



a. = 0 



The third order inlermodulation components IM3, are known lo be generated by the odd 
coefficients Thus, by collecting the terms having odd coefficients, and defining their sum to be 
the third order inlermodulation C'IM3") the following equation (7.5) is obtained. 
Peak input voltage is denoted by a caret over the letter Vj. 



3a,', 25 a. ' , 

IW3 ■- vr+ -v',+ 

4 a. e a, 



(7.5) 



Inserting the values for a, and aj and a, from eq 4.22 into equation (4.23) yields an expression 
for third order intermodulation (IM3) that is expressed in terms of a differential pair amplifiers 
transistor parameters. 



32 



AV, 1 25 
1024 



AV. ^ 735 AV, 



2" 



(7.6) 



The AV, of FIG. 3 le denotes peak signal level for each of the two input signals. 
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A large signal IranscondiicUmce ("G,„") isthe rate ofchange of input current (Alj) with 
respect lo the rale ofchange of the input vohage (AVjj. Large signal transconductiincc is found 
by differentiating equation (7.2) with respect to AV, to yield an expression for large signal 
transconductancc. 



10 



G = 



ciA V/ 
J,. 



- — X 

■ 0 



AV/. 



128 U:'-' 



102A 



AV, 



The first term of equation (7.7) represents a small signal iransconduelaiice {*'g,„"); 



15 



(7.8) 



20 



A deviation of large signal trajisconductance (GJ from small signal transconductance 
(g„,) is defined lo be: 



25 



30 



35 



AG, 



AV. 



9t ' 



5 

128 



A V 



102 4 [V, 



A V. 



(7.9) 



Transconductance variations are given by equation (7.9) which represents a fractional 
change in transconductance for variations in input signal level. 

By examining the equations derived for relatively small signals, a relationship between 
two of the equations is noted. There is a relationship between the equation for third order 
intermodulalion distortion and the equation for transconductance variations. The equations have 
common terms, and arc directly proportional to each other. For a given input level, on examining 
equations and the third order inlermodulation distortion level of equation (7.6) is approximately 
one-quarter of the transconductance variations of equation (7.7). This relationship for small 
signals is expressed in equation (7.10): 



1 AG. 
— X 



^ for AV, « V- 



(7.10) 
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1 The relationship in equation (7.10) suggests thai third order inlermodulation distortion 

is controlled by controlling variations in transconductance that lypically occur when the input 

voltage changes. Thus, to a Hrsl order of approximation, niininiiziUion of transconductance 

variations over a range of input signal levels lends to reduce third order inlermodulation 
5 distortion (1M3). The mininiiziilion of transconduciance variations is found by applying calculus 

to minimize the functional relationship. 

FIG. 3 If is a graph of a differential current (Al, ,=Alj) and normalized transconduciance 

(G„/g,J as input voltage (V,„=AV,) is varied in the differential pair of FIG. 3 le. From this curve 

an exemplan' baseline intermodulaiion distortion for an uncompensated diffcrctiiial pair amplifier 
10 of FIG. 31e is found. In creating this graph values of, V^\' - = 0.7V and 1^, = 2,4mA were used. 

The graph shows the increasing non-lincarilics present in the output current (A), 2=Alj)as the 

input voltage (V„=AV,) driving the amplifier increases. 

For an inpul voltage of 250mv the large signal transconduciance is .96 times the small 

signal transconduciance 3117. Thus, AG^/g^ = 0.04. By substituting .04 into equation (7.10) the 
15 third order IM level is l/lOO, or -40 dB (-40=20Log (1/100)). A differential pair amplifier 

comprises a baseline from which improvements in linearity are measured. Interconnected 

linearizing circuitr>' is next added to the differential pair amplifier of FIG. 31e to improve its 

linearity. 

FIG. 3 Ig is a schematic diagram of a differential pair amplifier 3 1 27 with a second cross 
20 coupled differential pair error amplifier 3129 added thai tends to reduce distortion. 

Linearity of a differential pair ajnplifier may be improved by using large values of an 
applied gale overdrive voltage (V^^ - V^).^,, , thai is applied to iransisiors M 1 ajid iV12. A limiting 
factor in utilizing large values of gale overdrive voUage is a maximum available supply voltage. 
With a reduced scaling of device sizes common in today's more compact circuit layouts, a 
25 maximum available supply of voltage tends to be reduced. Since a higher voltage required for 
a gate overdrive condition is not present, alternative linearization techniques are desirable. One 
technique is the addition of a cross-coupled differential pair 3129, that functions as an error 
amplifier, to a differential pair amplifier 3127. 

A preferable linearization process takes the form of adding error currents \^ l^^ to 
30 differential amplifier currents I^,, 1^2 in a way that tends to improve the linearity of output currents 
31313133. The error currents I^j and I^^ are subtracted lend to become non-linear more rapidly 
than the currents of the differential pair amplifier Ij, and I^^. 

Subtraction is achieved by cross coupling the amplifiers 3127 and 3129. A differential 
signal may be referenced to ground by considering it to be made up of two signals. The 
35 equivalent signal is a set of two individual signals, 180 degrees out of phase and of equal 
amplitude referenced to ground. In a differential voltage signal the voltages have opposite 
polarities of equal amplitude at any given time. 
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In a differential current signal the currents flow in opposite directions and arc ofequa! 
magnitude at any given time. In the case of a current one signal flows into the terminal, the other 
out of it. If the two differentia! signals are coupled to the Simic terminal the resultant signal would 
be canceled since eacli signal is equal and opposite. If the signals are unequal the cancellation 
is not total. 

Thus, by cross coupling the differential pair amplifier 3 127 to the error amplifiers 3 1 29 
in parallel the currents Ijj Ijj present in each drain of the error amplifier are coupled to the drain 
currents Ij. I,„ of the differential pair amplifier respectively. Paired signals Ijjlj^ and I,,., Ij, are 1 80 
degrees out of phase and unecjual in amplitude, causing a subtraction of The enor amplifier 
currcfU from the dilTcrential pair amplifier current in each lead. 

The differential pair amplifier 3127 has a differential input V,, and V,,. The differential 
pair amplifier has a differential current output provided by currents 3131 iuid 3133. By 
Kirchhoffs current law the current 3133 flowing out of node 3121 is equal to a sum of branch 
currents Ijj and Ij. into node 3121. Similarly, current 3131 flowing out of node 3 1 1 9 is equal to 
a sum of branch currents Ij, and Ij- flowing into node 3119. To provide the branch currents a 
main differential pair 3 127 and an auxiliar>' differential amplifier alternatively termed an error 
amplifier 3 1 29 are provided. 

The main differential pair 3127 comprises transistors Ml and M2. 'ITie gales of 
irajisisiors Ml and M2 are driven by differeniial input voltage V,, and V,.. The sources of Ml 
and M2 are coupled to a first terminal of a conventional current source A second terminal of 
I„ is coupled lo ground. The drains of Ml and M2 pro\'idc oulpul currents lj,and 1^. rcspcciivcly. 

The au.\iliar>- cross-coupled differential pair 3 1 29 comprises iransisiors M3 and M4. The 
gate of M3 is coupled to the gate of ML and the gale of M4 is coupled to the gale of M2. The 
sources of M3 and M4 are coupled together. The coupled sources of M3 and M4 arc in turn 
coupled to a first terminal of a current source I,/n. Current from source \Jn is a fraction of I„ in 
order to control the current output \^ of The auxiliary' amplifier. A second terminal of I,^n is 
coupled to ground. The drain of M3 is coupled lo the drain of M2. The drain of M4 is coupled 
to the drain of Ml . This connection of gates and drains creates the desired cross coupling. 

The current and voltage relationships in the cross coupled differential amplifier are as 
follows: 



where : 

Air = 



(7.11) 
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The HiV/ is given by: 
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(7.12) 



The AlJ' is given by: 



Al:' 



AV, 

v7^ 



AV y _ 1 ( AV y 1^ [ AV, 



(7.13) 



Assuming that ^=/n and thus ^ = ^ , the total current is found to be : 



.^fAl^Vfl-i^]-.. 



(7.14) 



WOiere the ration of the channel widths comes from the current sources having a ratio of n, and 
the Vg,s have a ratio of m. Thus, for a MOS transistor operating in saturation: 



J.. = 



//CoxW 
2L 



(7.15) 
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(7.16) 



10 

The third order icrm of equation (7.14) that controls the coniribulion of third order 
iniermodulaiion goes lo zero when mVn - 1. The cross coupled differenlial ajnplifier is 
described in more detail in P.R. Gray and R.G. Myer, ''Analysis and Designs of Analog 
inicgrated Circuit Desii^n,'' Third Ediiion, John W^iley &. Sons, 1993. Ulihzing a value ofn = 
1 5 9.5 and m = 2, a dynamic range of the input to the amplifier is increased by 6.5 dB, for an 1M3 
level of - 40 dB. ^^^e^e n is the ratio of current source values, and the ratio of m to n was 
previously defined. 

The dynamic range of the input to maintain a -40dB third order intermodulation level may 
be further extended, Extension of dynamic range is possible by using two or more differential 
20 pairs cross-coupled in parallel to a main differential pair. In an embodiment, the main differentia! 
pair has two auxili:u>' differential pairs associated with it to linearize the main differentia! pairs 
output. 

FIG. 31h is a graph illustrating The linearized output current of a cross coupled 
differenlial output amplifier. The auxiliary differential pair amplifier 3 129 of FIG. 3 Ig subtracts 

25 a small current I^j, I^j from the output current of the differential pair amplifier M]\ The currents 
Id3i ^d4 sxc subtracted from The output currents Ij, and I^j, respectively. This small amount of 
current tends to become nonlinear more rapidly tJian AlJ'^. 

The derivation above for the circuit of 3 1 h utilized a ratio of channel widths to adjust The 
proper error amplifier currents to cancel the third order intermodulation distortion. A chosen 

30 channel width for transistors Ml and M2 was selected, and a channel width was found for 
transistors M3 and M4 that tends to yield an IM3 level of -40dB. This yields an increase in 
dynamic range of approximately 6.5 dB. Increasing the number of auxiliary differential pairs 
present and utilizing a linearization optimization process tends to improve overall amplifier 
linearity. 

35 FIG. 3 1 i is a schematic of a differenlial pair amplifier 3 102 incorporating two auxiliary 

cross-coupled differential pairs 3107 3 109 to improve linearization of the output response I, and 
I,. The main differential pair 3103 comprises transistors Ml and M2. The gates of Ml and M2 
are coupled to a differential input voltage Vj, and V^j. The sources of M 1 and M2 are coupled 
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10 a first terminal of current source 1,, A second .terminal of 1„ is coupled to ground. Current 
source 1„ is typically constructed as known to these skilled in the art. The drains of Ml and M2 
supply currents 1„ and 1,,. respectively. The drams ol M 1 and M2 are coupled lo current outputs 
1, and 1, respectively. 

The first auxiliary differential pair 3 1 07 comprises transistors M3 aiul M4. The gate of 
MB is coupled to differential input voltage V,, The gale of is coupled to differential input 
voltage V„. The sources of M3 and M4 are coupled together and then to a first terminal of a first 
current source IJn. A second terminal of I Jn is coupled to a ground potential. Current source 
l„/n is typically constructed as a conventional current source as is known to those skilled in the 
The drain of M3 is coupled to the drain of M2. The drain of M4 is coupled lo the drain of 

Ml. 

The second auxiliao' differential pair 3 109 comprises transistors M5 and M6. The gale 
of M5 is coupled lo differential input voltage V,, The gale of M6 is coupled to differential input 
voltage V,, The sources of M5 and M6 are tied together to a first terminal of a second current 
source 1,^. A second terminal of l./n is coupled to ground. The source of M5 is coupled to the 
source of M2 . The source of M6 is coupled to the source of M I . 

FIG. 31j is a graph of the currents present in the main and two auxili;io' differential pair 
amplifiers graphed against input voltage as measured across the input terminals where 
Vin = V„ - V,,. This graph illustrates an offset between currents Alj^.^j Al,, An offset is 
present where'ihe input voltage passes through zero 3 1 35. The currents AI,, and AI,, from the 
auxiliao' differemial pair amplifiers are much smaller than the main differential pair amplifier 
current Al, It is desired to produce an output current that varies a linear rclaiioiiship to the 
input voltage. The differemial currents from the auxiliary differential pairs Al.^and I A, , are 
subtracted from AI, , to produce curve of total differential output current AIt„„, 

The composite curve AI,.„, is a more linear curve than AI,, Thus, by subtracting the 
currents produced by the auxiliary' differemial pair amplifiers, The linearity of The current versus 
voltage response is improved. The amount of current produced in auxiliao' cross-coupled 
differential pairs over a range of input voltage Vin is related to a transconductance characteristic 
of each of a set of transistors in the amplifier. 

TTius, 10 shape The AI,^ curve is necessary to fabricate M3, M4, M5, and M6 SO that the 
cunents they produce will contribute to The linearization of The AI^^, curve.- Shaping is done 
through manipulating transconductance. Transconductance is an inherent transistor parameter 
related to drain current Ij. It is defined as follows: 



dl^ (7.18) 
dV 
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1 llius, by controlling the iraiisconduclancc of the transistors in the avixiliap,' differential pairs, the 
oulpui current of the main differential pair is linearized by superj^osition of the currents. To 
reduce lliird order inter modulation close to zero, a flat G,„ curve for the amplifier lends to be 
advantageous. 

5 1-IG. 3 Ik is a graph oflranscunduclancc curves for the differential amplifier made up of 

a main differential pair amplifier 3103 and a linearization circuit 3105 comprising differential 
pair amplifiers 3 107 and 3 109. The main differential pair amplifier possesses a Iransconductancc 
characteristic shown by the curve Gl^'-* having a peaked response. To reduce third order air 
modulalion disioriion. ii is desirable lo shape the transconduclaiice curve G^,|' ' so llial ihc peak 

10 of is Haticncd as shown by the cur\'c G^J,"'"'. flattening is accomplished by subtracting or 
decreasing (he G„, in the peak region of the curve. The decrease is achieved by 'I'he lineariziition 
circuit 3105. 

Auxilian' differential pair amplifier 1 3107 exhibits a characteristic transconductaiicc 
curve centered about a voltage offset V^^ from zero input volts, and is denoted Gl;I'' "'on the graph. 

15 The transconduciance curve for auxiiiar>' differential pair amplifier 2 3109 is offset in the 
negative direction from zero input voltage by an amount thai is equal to the first auxiliary pair 
V'oj, this cun'e is denoted G'^"^ ■^ 

FIG. 311 illustrates an equivalent circuit that provides an offset voltage V^^ that permits 
shaping of The G J""' curve. The addition of an offset voltage in The auxiliar)- differential pair 

20 amplifiers allows a more accurate cancellation of non-lincariiies. The introduction of offset 
voliage \\,^ is illusiratcd by ihe addition of a voltage source in the gate leads of Mj aiid M6. The 
voltage source adds in series with The input voltages V^, and \'\. to create the offset. The voltage 
source is shown as a batter)-. However, the offset voltage is equivalently added in a number of 
v^'ays comprising building it into the semiconductor circuit parameters and providing biasing 

25 circuitr)-. The offset voltages arc built into the circuit by choosing different widths for the 
auxiliary differential pair devices. 

Returning to FIG. 3 1 k, the iransconductance curves of tlie auxiliary differential pairs add 
to form a G„ curve shown by G^'* + G^'-*, The composite curve G*^^ * + G^''* is subtracted from 
the main differential pair curve GjJ'-^ to produce a final composite transconductance cur\'e G^°"' 

30 that controls die overall amplifier current response and linearity. The current relationships for a 
differential pair amplifier that includes offsets in The linearization circuit are as follows: 



(7.19) 



35 
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The currem in the auxiliar>' pairs is given by: 
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And the tola! current is: 
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The desired end result is to choose variables Vos, V^.,'^^ ''-^'^ and n for equation (7.22) so 
thai a plot of Aii^,,, verses Vj„ results in a straight line. An oplimization package to aid 
calculations is equivalciitly utilized to deierminc the desired parameters. A straight line has 
constant slope. The slope of'the line is Tound by taking the i'lrst derivative. For The best possible 
linearity equation (7.22) is diffcrcntialcd with respect lo input voltage. Equation (7.22) is 
symmetrical with respect to input voltage. Thus, the even order derivative tenns are set to zero 
when evaluated at zero input vollatje. Next, optimal values are derived for the three parameters 
n, V,,^, and V''^]*-^-^'. The result is a maximally flat inmsconduciance curve that yields a linear 
current verses voltage curve. 

For example in a design thai requires an 1M3 better than 65 dB is required. From equation 
(7. 1 0) a transconduclance curve to achieve the desired IM3 lias a flatness lending to be no greater 
than -:■/- 0.25 dB. To find the desired values the oplimization process is carried oul by inspection 
coupled wilh a process of Uial and error. In using an iterative optimization process the following 
values were selected as a starting point: 



V"/^* = v"'- /2 U,., =: V'"'-' /3 (7.23) 



20 The offset voltages are built into the integrated circuit by choosing the W/L ratio so that 

transistors thai comprise the same differential pair have differing widths. For example as 
previously shouai in Table 1. In the case of a linearization circuit 3105, as shown in FIG. 311 the 
W/L ratio of M3 and M6 is different from M4 and M5. 



25 



.|-_|.^ (7.24) 
W/L 



The widths are found from equations (7.23) and (7.24). This completes a first pass of The 
30 design. Next the simulation program is utilized. In the simulation transconduclance verses 
voltage and transistor channel widths are optimized to yield the targeted flatness. 

In an alternative embodiment, a high degree of linearity is not be necessary. Ripple is 
allowed in the transconduclance curve to produce satisfactory linearity. 

in an embodiment the maximally flat transconduclance curve for small signals zero IM3 
35 distortion is produced. However, if the curve must be maximally flat, the range of values for Vj^ 
is reduced. In the alternative embodiment allowing some ripple in the transconduclance curve, 
allows the range of input voltage Vi„ is that produces a fmite intcrmodulation distortion to be 
extended. 
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FIG 31m is a graph of the Iransconductancc curve forTTie exemplao' differential pair 
aniplif.er that extends the input voltage range by allowing ripple in the overall G,„ of the 
amplifier. The trunsconductance curve for a single differential pair amplifier 3 1 37 is compared 
to one of FIG. 3li tha, utilizes The parameters of Table 1 3139. By allowing ripple in .he 
transconduciance the riuige ol' V„, has been extended. 

1„ an embodiment a number of additional auxiliary differential pairs are added to control 
1M3 distortion However, if the devices required u, implement the function obtained lor a given 
linearity arc too small than the amplifier cannot be built successfully. 

Table II contparcs to lone intermodulation distortions simulation results for a diflercn.ial 
pair against a structure described in an embodiment of the invention. 



Tu.n Tone liucrmodu lalion Dislordon Simulalion Rcsulus 






V'i_pcak each 


40mV 


50mV 


lOOmV 


200mV 




300niV 


350mV 


Simple difT. pair 


-73dB 


-69.5dB 


.57dB 


-45dB 


-41dD 


-37dB 


.34.5dB 


New structure 


•80dB 


-80dB 


-75dB 


-73dB 


-73dB 


-73dB 


-57dB 



Tabic II 



Initiallv at a 40 mV peak input strength for each of two signals inpui lo the amplifier, 
lincanly in the' embodiment is improved to -SOdB. ,4, approximately, a 100 mV input signal 
strength .he difference in inter modulation between the prior art structure and the embodiment 
of the invemion approaches 20dB. The amplifier provides a layer response up to approximately 
a 350mV peak input signal. Extending the linear input range by approximately 12dB results in 
four times the signal handling capability of that available in the prior art. ^ . , , ^ 

The details of linearizing a CMOS differential pair are disclosed in more detail in U.S. 

Patent Application No. fled May 1 7, 2000, (0600:36523) entitled "System and 

Method for Linearizing a CMOS Differential Pair" by Haidch IChorramabadi; based on U.S^ 
Provisional Application No. 60/1 36.1 1 5 filed May 26. 1 999 (8600:34678). the subject of which 

is incorporated in this application in its entirety by reference. 

FIG 32showsatransconduclancestage3102wilhanLCload3104thatisprov,dedw.th 

Q enhancement 3202 and Q compensation over temperature 3206. Q enhancement 3202 tends 
to increase the circuit Q thus, increasing the frequency selectivity of the circuit. A Q 
enhancement is provided by the transconductance element's G„. 3202 connected as shown, 
Additionofthistransconductanceelememisequivalenttoaddineanegativeresistance3024that 

is temperature dependent in parallel with R'(T). This negative resistance tends to cause 
cancellation of the parasitic resistance thus, tending to increase the circuit Q. 

The details of Q enhanced fillers are disclosed in more detail in U.S. Patent Application 
No nied May 17. 2000(B600: 36523) entitled. "System and Method for 
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Linearizing a CMOS Differential Pair" by Haideh Khorramabadi; based on U.S. Provisional 
Application No. 60/136,1 15 filed May 26, 1999 (0600:34678), the subject matter of which is 
incorporated in this application in its entirety by reference. Once an improved Q is achieved it 
is desirable lo maintain it over the range of temperatures encountered in circuit operation with 
leniperalurc conipcn.saiioii circuitry 3206. 

Due 10 a large positive temperature coefficient inductor quality factor (Q) is proportional 
to temperature. As temperature increases the resistance in the spiral increases, degrading the Q. 
The addition of transconduclanee from the G„, stage 3102 lends lo increase the Q of the filter. 
However, the effects of temperature on quality factor tends to cause wide gain variation lending 
to need further ifnprovemenl. In an embodiment of the invention for a temperature range from 
0 10 lOO'^C, Q and gain var)' +/- 15% in an unenhanced filler. In an embodimenl with a Q 
enhanced filler, ilie Q and gain variation is doubled. In multiple stages of filtering used in the 
embodiments, over 20 db of gain variation is thus encountered over temperature with the Q 
enhanced filters. This results in an unacceptable change in the conversion gain of the receiver. 
A further means of reducing the variation in Q (and thus gain) over temperature is desirable 3206. 

ACTIVE FILTER INDUCTOR Q TEMPERATURE COMPENSATION 

FIG. 33 shows a method of stabilizing inductor Q over temperature 3206. This method 
advantageously uses a DC calibration loop 3202 and a dummy inductor 3304 lo control the value 
20 of inductor series resistance R(T) and a resistive element R( 1.0') 33 14 to produce a net constant 
resistance. 'I hus, Q induced variation in filter response due to temperature are controlled. This 
method advantageously does not require the use of any high frequency signals in the tuning 
process. An inductor 3306 as utilized in the fillers of FIG. 30's filler t)ank 3002 with ils 
associated series resistance R{T) is shown as an clement in a temperature compensation circuit 
25 3208. An electronic device that supplies a variable resistance 3310 of an amount inversely 
proportional to temperature is added into the circuit 3314. The decreasing resistance of the 
additional resistance 3314 with increasing temperature counteracts the increasing resistance of 
the inductor's series resistance R(T). In the circuit diagram this decreasing resistance is shown 
schematically as R(l/T). This resistance is provided by the active resistance of a PMOS 
30 transistor biased accordingly 3314. However any device capable of producing the desired 
resistance characteristic described above is an acceptable substitute. 

A PMOS resistor is used in two places 3312,3314 to place the control element 3314 in 
the circuit and remove the control circuit 3208 from a main circuit 3308. In the embodiment 
shown, the PMOS transistor's gate to source connection is placed in series with the spiral 
35 inductor 3306 of the LC circuit 3308 making up an active filter stage. The active filter stage is 
controlled from a remot.ely located control circuit 3208 that contains a duplicate PMOS resistor 
33 1 2 and inductor 3304. Inductor 3304 is advantageously fabricated with the same mask pattern 
as used for inductor 3306, The control circuitry 3208 is not a part of the filter circuitry 3308 in 
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order .0 prevent undesirable interactior,s wi.h .he radio frequency signals present m the HI er^ 
,r, the control circuit shown, the active resistor 33.2 in series with >e sp.ra, 'n^-- " 
duphcated remotely Iron, the .liter circuu 3308. To co.nmunicate the control s.gna .3 6 the 
Je of the PMOS rcs,sK,r 3312 is coupled to the gate of the 1>M0S res.stor tn the filter 33 4. 

The control cwcuU pro v.des a conventional constant current and a convcnt.onal constant 
voltage source function ,0 maintain a constant current through and voltage across the dummy 
spira inductor 3304 duplicated in the control circuit. An exemplary constant current and 
an. voltag. source is shown 3302 incorporat.ng a dunrmy mductor 3304. However, any 
th. l^^ns . constant voltage across, and current through the inductor 3304 n, the 
conlrol circuit 3208 is sufficient for the design. 

AS gate voltage 3316 changes to main.ain the constant! current and voltage aero s he 
inductor in the control circuit 3304. the gate control s.gnal 3316 is simultaneously fed to the LC 
nuer !tage 3308 PMOS transmitter 33 14 to control the resistance, and thus the Q.of the mductor 

in ihe filler circuit 3308. • j _ 

An exemplao' constant current and voltage source is .l.ustrated 3302 eompns.ng d^m 
inductor 3304. A temperature independent voltage reference V., is established by res.tor R an 
onventional current sources 1. Amplifier A's negative input is connected to the voltag 
cference, and Us positive input is connected to a symmetrical point between an .dent.cal curr 
Ice and the dummv mductor. The output of an^pl.fier A .s fed mto the gate of the tr.ts.s,or 
funcfonma as a var.able resistor 3312. The constant voltage drop over temperature at the no e 
V com^parcd to the voltage at the positive amplifier tcm.nal. The .^tphfier controls th 
relt.^ce of .he PMOS tra.s,stor so that a constant current and constant voltage are mamtamed 

across ihe dummv induclor. 

The calib;ation of inductor Q is described in .ore detail in U.S. Patent Apphcat.on No. 
09/439 156 filed November 12. 1999 (8600:34014) emitled "Temperature Compensation or 
internal Inductor Resistance" by Pieter Vorenkamp. Klaas Bult and Fra^ Ca.; based on U.S. 
p'T'ola' Application No. 60/108.459 filed November ,2. .998 (8600:33586). the subject 
matter of which is incorporated in its entirety by reference. 

COMMUNICATIONS RECEIVER 

FIG 34 is a b.ock diagram of a communications network utihztng a receiver 3402 

according .0 an exemp.ary embodiment of the invention. ^ — --^-^^^^^^^^^^^^^ 

a cable TV network 3404. capable of generating signals provides radio frequency ( RF )s^^^^^^^^ 

3406overtheairwaves.throughacableorothertransmiss.onmedium.Suchasi8na^^^^^^^^^ 
sin6leended,althou6hdifferentia. transmission iscontemp.ated.Arece.ver front end3 08ne^^^^ 

onvem the RF single ended signa. to a differential signal. In the embod.ment shown h lro^^ 
end provides low noise amplification of a weak received signa. by a low no.se e^ph^^^^ 
embodiment shown also includes an attenuator to reduce a strong received s.gnal s level. An 



-67- 



wo 00/72446 PCT/USOO/14683 

1 externally supplied control signal 4302 controls the amount of attenuation, or gain of the RF 
signal. A receiver front end, or a Balun may be used to convert a single ended signal 3406 to a 
differential signal or vise versa 3410. 

The receiver block 3402 which contains aji exemplary embodiment of the invention next 

5 convcrls ihc dilTcrcnlial radii) frcciuency sigiuil 34 10 to aclirfcrcnlial iniernicdiaic frequency (IF) 

34 12. Equivalently, single ended signals, or a mixture of differential and single ended signals 
are utilized in the receiver block 3402. 

A large gain range high linearity, low noise MOS variable gain amplifier ("VGA")3403 
is present to adjust the IF signal level 3412. A control voltage 3407 cotilroLs ihc gain of the IF 

1 0 signal such that a linear control voltage verses gain response is produced. A lincariiuition circuit 
3405 produces the linear control voltage from the control signal input 4302. The IF signal 34 12 
is next convened down to DC and demodulated into a base bmid signal 3414 by a demodulator 
34 1 6. At this point the base band signal 3414 is suitable for presentation to the video input of 
a television receiver, the audio inputs to a stereo, a set top box, or other such circuilr>' that 

1 5 converts the base band signal into the intended information output. 

The communication system described is contemplated lo provide the function described 
above in one or more circuit assemblies, integrated circuits or a mixture of these 
implementations. In particular, the RF front end 3408 may be integrated in a single chip with 
receiver 3402. Aliernalively, the front end and receiver may be implemented as individual 

20 integrated circuits, on any suitable material such as CMOS. 

in addition, the receiving system described utilizes additional exemplary embodiments 
that incorporate one or more transmitters and one or more receivers to form a "transceiver'' or 
"multiband transceiver." 'Ilic transceiver contemplated may transmit and receive on differing 
frequencies or the same frequency with appropriate diplexer, transmit receive switching or 

25 functionally equivalent circuitr>'. 

The frequency bands and modulation described in the specification are exemplary with 
the inventions not being limited in scope to any particular frequency band or modulation type. 

RECEIVER FRONT END-PROGRAMABLE A'lTENUATOR AND LNA 
30 To achieve a low noise figure what is left out of the circuit is often as importaint as what 

is included in it to achieve a low noise figure. A circuit containing few components in desirable 
since each component in a circuit adds to noise generated in the circuit. Switches are often 
included early in a signal path to switch in attenuator sections, reducing the level of a signal 
present. The reduction in signal level is necessary to prevent a following receiver circuit from 
35 being over driven into distortion. 

In an embodiment a large gain range, high linearity, low noise MOS VGA 3403 is used 
as an automatic gain control ("AGC") amplifier. Additionally , the circuit described as a front end 
circuit may also be employed as an AGC amplifier. The AGC amplifier may advantageously be 
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used at any point in the signal processing chain wl>ere an adjustable gain and adjustable 
attenuation according lo an external control signal is desired. 

In one speciiic embodiment, a control signal 4302 irom an exiernal pin on the integrated 
circuit is applied to RT front end 3408 and an IF AGC amplifier 3404. The control signal applied 
to the IF AGC amplifier 3403 is first conditioned by a lineariziiiion circuit 3405 so thai n Imca; 
control of the IF AGC amplifier's gain is produced by varying the control signal 4302. The s.gnal 
output by the linearization circuit 3405 is a control voltage 3407. 

By way ofe.Kampk-. control signal 4302 could be formed by sampling the sync pulses of 
the base band 'television signal and averaging the amplitude of the sync pulses over a period ol 
time. 

Advantageously, the present invention has eliminated the need for switches, rcducmg a 
major contributor to increased noise figure. In an integrated switchless programi.iable attenuator 
and low noise amplifier onlv two elements arc present in the signal path to contribute to the no.sc 
figure First an attenuator is present in the circuit path. The next element in senes wuh the 
attenuator in the signal path is a differential pair low no>se (LNA) amplifier. In the d.fferent.al 
pair noise figure is lowered by introducing a sufficient bias current to increase a transconductance 
B„ associated with the amplifier. The increased g„, decreases the noise contribution of the 
differential pair. 

Bv eliminatinE the need for switches it is possible to integrate the programmable 
attenuator and LNA onto a single CMOS integrated circuit. An additional advantage can be 
realized in usine an integrated programmable attenuator and LNA as a -front end" of an 
integrated receiver A single integrated circuit can be economically fabricated on CMOS that 
contains an entire tuner circuit including the front end and the tuner. Alternatively, the front end 
and tuner circuits may be on separate interconnected substrates. 

FIG. 35 is an illustration of the input and output characteristics of an integrated switchless 
programmable attenuator and low noise amplifier 3502. Attenuator/amplifier 3502 simulates a 
continuously variable potentiometer that feed a linear amplifier. As the potentiometer setting 
changes the signal level at the input to the amplifier changes, and the output of the amplifier 
changes accordingly. The exemplary embodiment is a two radio frequency (RF) port dev.ce-the 
input port 3504 is configured to receive a single ended input signal from a source 3508 and the 
output port 3506 is configured to present a differential signal. In the single ended input 
configuration one terminal upon which a signal is carried is above ground reference 3 5 1 0. In the 
differential output configuration the signal is divided and carried on two terminals above ground 
reference 3510. 

In the exemplary embodiment multiple control signals 35 1 2 are applied to the integrated 
switchless attenuator and LNA 3502. For example these signals are used to program the 
attenuator to various levels of attenuation, and for an output smoothness conuol. 
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1 In Ihe exemplar}' embodiment the differentia! output 3506 advantageously lends lo 

provide noise rejection. In a differential output configuration, the signal at one terminal is 1 80" 
GUI of phase from the signal at the other lerminal and both signals are of substantially equal 
amplitude. Differential signals have the advantage that noise that is injected on either terminal 

5 lends lo be canceled when llic signal is converted back lo a single ended signal. Such common 

mode noise is typically of equal amplitude on each pin and is typically caused by rndialion inlo 
ihe circuit from external sources, or ii is often generated in the circuit substrate itself 
Advantageously, the present invention uses differential signal transmission at its output. It 
should be noicd thai in alicrnaie enibodimenls of ihe invention, thai a signal ended output can 

10 be produced from the differential signal by various lechniqucs known in liie.arl. Also, 
equivalently a differeniial input may be substituted for the single ended inpui shown. 

FIG. 36 is a functional block diagram of the integrated switchlcss programmable 
attenuator and low noise amplifier circuit. This embodiment illustrates how it is possible to 
eliminate switches thai would be required in a conventional attenuator and LNA. 

15 A resistive attenuator 3601 is configured as a ladder circuit made up of resistors 

configured as multiple pi sections 3602. A method of selecting resistor values such that a 
constani impedance is presented lo the signal source is accomplished as is conventionally known 
in the art. An exemplar)' embodiment utilizes an R/2R configuration. Each pi section 3602 of 
the attenuator 360 1 is connected to one input to a di fferenlial pair amplifier 3603 . The other input 

20 to amplifier 3603 is grounded. The resulting attenuation produced at the output 3604 is 
controlled by ihc number of differential amplifier stages that are turned on and the degree to 
which they are lumed on. 

Individual amplifiers 3603 are turned on or ofTby tail-current generators 3605 associated 
with each stage 3603, respectively. Generation of the tail currents is discussed in more detail 

25 below in connection with FIGS. 44a and 44b. In FIG. 36 a zero or one is used to indicate if the 
corresponding tail-current generator 3605 is lumed on or off, thai is whether or not a lail- 
current is present. For example, a zero is used to show that no tail -current is present and the 
corresponding generator 3605 is lumed off A one represents a tail-current generator 3605 that 
is lumed on rendering the corresponding amplifier 3603 functional. The zeroes or ones are 

30 provided by the control lines 3512 of FIG. 35 in a manner described in more detail in FIG. 43. 
All of the individual amplifier outputs 3506 are differential. Differential outputs 3506 are tied 
in parallel with each other. The resulting output 3604 is the parallel combination of the one or 
more amplifiers 3608,36 1 0,36 1 2 that are turned on. In an exemplary embodiment of the circuit 
55 amplifiers have been implemented, with various combinations turned on successively. By 

35 using tail currents to selectively turn amplifiers 3603 on and off, the use of switches is avoided. 

in this configuration any combination of amplifiers 3603 could be turned on or off to 
achieve a given attenuation before amplification of the signal. However, in a exemplary 
embodiment of the circuit, adjacent pairs of amplifiers are turned on and off. Groupings of 
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amplifiers in the on slate can be of any number. In an embodiment ten contiguous amplifiers 
arc turned on. The attenuation is adjusted up or down by turning an amplifier tail cunent off 
at one end of a chain of amplifiers, and on at the other to move the atlenuation in the desired 
direction. The exemplar)' circuit is controlled such that a group of amplifiers that are turned on 
slides up and down tlie chain according to the control signals 3512 ofl'IG. 35. 

Any number of amplifiers 3603 can be grouped together to achieve the desired 
resolution in atienualion. By using the slidmg configuration, input signals 3614 that are 
presented to attenuator pi sections 3602 whose amplifiers arc not turned on do not contribute 
10 the output signal 3604. It can be seen from FIG. 36 that the signal strength of the output .s 
dependent upon where the grouping of generators 3605 are turned on. 

FIG 37 is a simplified diagram showing the comieclion 3702 of multiple attenuator 
sections 3602 to the output 3604. An attenuator 3601 is made up of multiple pi sections 3602 
cascaded together. Each pi section consists of two resistances of 2R shunted to ground, wtth 
a resistor of value R connected between the non grounded nodes. Tap points 3702 are available 
at the nodes of the resistor R. In FIG. 37 the first set of nodes available for tap points in the first 
pi section would be nodes 3706 and 3708, After cascading all of the pi sections to form a 
ladder network, a variet>. of tap points are available, these are noted as node numbers 3706- 
371 50 in FIG 37 A path from the input 3614 to any of the tap points, or nodes on the ladder 
network vields a known value of attenuation at the output 3604. If multiple tap points are 
simultaneouslv connected to the attenuator, the resulting attenuation is the parallel combination 
of each connection. The combined or average attenuation at the output temiinal can be 
calculated mathematically or. It can be deicnmncd usHig circuit simulafon techniquesavailable 

in computer analysis programs. 

In addition it can be seen from FIG. 37 that by providing multiple tap points on a ladder 
network that in effect a sliding multiple contact action can be implemented contacting a fixed 
number of contacts, for any given position of the simulated slide 3716. The slide 3716 is 
implemented electronically in the embodiments of the invention The average attenuation by 
contactine a fixed number of these tap points 3706-3715 will increase as the slide or switch .s 
moved from the left to the right on the ladder network. For example, minimum attenuation will 
be present when the slider 3716 contacts the force tap points 3706.3707.3708,3709 at the far 
left of the ladder network 3601 . The maximum attenuation will be achieved when the slider 
3716 is positioned to contact tap points 3712,3713,3714.3715 at the far right of the network. 
In the exemplary embodiment 4. contacts arc shown, however, in practice any number of 

contacts may be utilized. 

Mechanical switches are noisy. Mechanical switches are also unreliable and difficult 
,0 integrate on a semiconductor device. Returning to FIG. 36, in order to be able to integrate 
a switching function, and to eliminate mechanical parts, a predetermined number of attenuator 
taps are switched to the output by using tail current switching of differential amplifiers 
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3603,3605. The differenlial amplifiers have the advantaye of being able lo be switched 
electronically with low noise and reliability. The differential amplifiers also provide the 
opportunity to introduce a gain into the circuit thereby increasing the signal strength available 
at the output to produce a low noise amplification. The gain achieved depends upon the number 
of amplifiers switched in. By changing the vuliics of rcsi.slancc in the ladder network and also 
by increasing or decreasing the number of ajnplifier stages that are turned on, the resolution of 
the attenuator can be varied to suit the needs of the system thai an integrated switchless 
programmable gain attenuator and LNA is used in. 

FIG. 38 is an illustration of an exemplary embodiment showing how the attenuator 360 1 
can be removed from the circuit, so that only the LN.'Xs or differenlial stages 3605 are 
connected. Reference numerals 3801 lo 3816 each represent a differenlial amplifier 3603 and 
a generator 3605 in FIG. 36. In the 0 dB attenuation case shown the signal strength of the 
output would be equal to the gain of the parallel combination of the four amplifiers thai are 
turned on 3801,3802,3803,3804. The four activated amplifiers are indicated by a "T' placed 
on the circuit diagram. In an exemplao' embodiment in which the sliding tap arrangement is 
used such that a given number of amplifiers are always turned on the configuration of FIG. 38 
is ncccssar>' such that zero decibels of attenuation can be achieved when the required number 
of amplifiers are always turned on. 

In an exemplar}- embodiment according to FiG. 38, a full 14 dB gain from a 
combination often amplifiers is seen when a ten tap configuration is used with ihc top set to 
the 0 dB attenuation position. As the attenuation is ''clicked" so that one ajnplifier at a lime is 
switched, a 1 dB per pi section aiienuaior is placed in scries wiih an amplifier, a full IdB of 
atlenuation is not seen/click. In a graph of the control voltage versus attenuation curve this 
would be seen as a change in slope after the lenth amplifier is switched in. After the 10th 
amplifier is switched in the curve will show a IdB/adjustmeni step. 

FIG. 39 shows an exemplar)' attenuator circuit used to achieve 1 dB/step attenuation. 
Each resistive pi section .3602 makes up one step. The characteristic impedance of the 
embodiment shovwi is 1 30 ohms. Using calculation methods well known in the art of attenuator 
design a pi pad having a characteristic impedance of 130 ohms may be realized utilizing series 
resistors R, of 14 ohms or parallel or shunt resistors of 1,300 ohms Rp. 

FIG.40 illustrates an exemplary embodiment of an attenuator for achieving a finer 
resolution in attenuation. In this embodiment a resolution of .04 dB/tap is achieved. In the 
embodiment shown each series resistor R,, connected between the shunt resistors in the ladder 
network has a string of series resistors connected in parallel with it. Each interconnection point 
between the added resistors 3402 provides a tap point that provides a finer adjustment in 
attenuation values. 
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,n implemcnline an integrated, switchless, programmable attenuator and low no.se 
ampUner. calculating the overall ,ain of a parallel combination of an^pliHed and attenuated 
signals is analvfcallv complex to calculate. For exan.ple. consider an cmbod.mcnt ufUzmg 0 
differential pair ampl-f-ers in the output, connected to 10 difTerent tap poims. en s.gnals 
rcccivmg vao'ing attenuations are fed into individual differential pair ampl.ners, Oa,n ol hc 
an.plifiers varies according to an adjust.nen. for monotonicity. The amplif.ed s.gnals are then 
combined in parallel to yield the output signal. , x, . ■. . r.m. 

Tail currents in the differential output amplifiers are not all equal. Fhe ta.l currents 
determine the pain of a differential pair, and are adjusted to provide a specHc degree of 
monotonicuy. Thus, .he gam of each of the d.fferen.ial pair amplifiers var.es across the 0 
in.crconnec.cd amphfier. The a..enua..on varies since each tap .s taken a. a .flerent pomt^to 
be fed .nto each of the d.flerent.al amplifiers. In such an arrangement it would be expected that 
the middle signal line would represent the average, yielding an approx.ma.e figure for the 
anenuation and gain of the co.nbination of 10 signal fines. However th.s .s not the result. 
Through the use of computer simulat.on the behavior of this network has been s.mulated. 
In simulat,ng behavior of this network it is found that the firs, tap predominates .n defin.ng a 
response from the sum of the 10 taps. The firs, tap has the least attcnuat.on and th.s y.elds the 
predominant signal characteristics. 

In an embodimen. uul.z.ng 10 slid.ng taps the ampl.fier ga.n .s a constant 14dB. Ihe 
attenuator range is from 0-25 dB in IdB steps. This yields an overall range of -1 1 dB to +14 
dB for the combination of attenuator and amplifiers. 

RG 4 1 illus,ra,es the construction of the series and parallel resistors used an mtcgrated 
attenuator. In this embodiment all of the resistors used are 130 ohms. This is done to contro 
the repeatability, of the resistor values during fabrication. Ten of these --^^^^^ 
in parallel to y.eld the 1 3 ohm resistor used as the series attenuator element R, of FIG. 39. Ten 
of these 1 30 ohm resistors are connected in series to yield 1 .300 ohms to realize the paralle 
res,stance legs of FIG. 39 of the attenuator. Building the attenuator from resistors of 
,30 ohms also, provides improved matching. By matching resistor values .n th.s me ho 
variability is minimized to that of the interconnect.ons between the res.stors. Th.s allows the 
ratio between scries and parallel resistances to remain constant from pi scct.on to p. section 
3602 in the ladder network that makes up the attenuator 3601 of FIG. 36. 

FIG 42 is an illustration of an exemplary embodiment utilized to turn on each of the 
differential amplifiers. This arrangement produces a monotomcally increasing output verses 
control voltage 4202. In this illustration, five ampl.fiers 4204-4208 grouped together make up 
the electroniLly sliding tap anangement. Numbers on the illustration indicate.^ 
oftail-currentsrelative to the full value used torurnoneachamplifier.Amp..fiersar^^^^^^^^ 
turned on a. the ends of the group. Gradual turn on of the amplifiers at the ends of the group 
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1 is done to control overshoots and undershoots in the amphfier gain. These over shoots and 
under shoots are seen upon the apphcation of a control voltage apphed. 

Varying a smoothness control provided in a prognmimahle attenuator and LNA to one 
extreme yields good linearity in the frequency response but overshoots in gain with increases 

5 in control voltage. Varying the smoothness control to the other extreme yields a vcr\' smooth 
gain verses control voltage curve with more nonlinearity. The optimum value for the 
smoothness control yields a value of monotonicitv that is the maximum that the system can 
tolerate in the form of data loss throughout the circuit. 

If all five ampliHers of FIG. 42 were turned un with the full value of lail-cuncnls, the 

10 gain versus control voltage cun'c would be as shown in the solid Hne 4210. By not fully turning 
on some of the differential pair amplifiers the overshoot and undershoot in the gain versus 
control voltage curve may be minimized. With the tail-cunrcnts configured on the sliding lap 
as shown in FIG. 42, the gain versus control voltage curve will appear as shown by the dolled 
line 4202. In this configuration, the middle three amplifiers have ihcir tail-currents fully turned 

1 5 on with the remaining two amplifiers at the beginning and end of the chain only having their 
tail-currents half turned on. Equivalently, other weighing of total currents may be used to 
achieve substantially the same effect. 

A plot of gain versus control voltage for the entire integrated swiichless programmable 
altenuaior and low noise amplifier would preferably appear as a staircase over the entire control 

20 voltage range. By controlling the tum on of the tail-current, the non-monotonicity of the gain 
versus the control voliagc cur\'C is reduced so thai the gain monotonically increases with the 
application of an increasing control voltage lo yield the desired stair step shape response, where 
FIG. 42 illustrates one "step" 4202 in the response. Non-monotonicity in gain versus control 
voltage is not a lime dependent phenomenon. The shape of the curve tends to depends on the 
25 physical implementation of a circuit and a switching arrangement for turning tail-currents on 
and off. 

Non-monotonicit)' is an undesirable characteristic tends to degrade overall systems 
performance. In receiving QAM data the degradation is seen as a loss in received data. By 
improving the monotonicity characteristic of an amplifier linearit)' of the amplifier is degraded. 

30 Gradual switching of the tail-currents causes some differential pairs to only partially tum on. 
Differential pairs that are partially turned on introduce more nonJinearities into the circuit 
output than a fully turned on differential pair. 

A transistor that is only partially turned on is only capable of handling a smaller signal 
than one that is more fully turned on. A transistor that is only partially turned on receiving a 

35 large input signal over drives the transistor producing a distorted output. Thus, by gradually 
turning on the tail-currents in some of the differential pair amplifiers, the linearity tends to be 
degraded, however, this degradation in linearity allows a monotonically increasing gain versus 
control voltage curve to be achieved. 
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Monotonic increase of gain versus control voltage lends to improve system performance. 
In the case of the QAM television signal being transmitted through the amplifier a view of a 
QAM consicllalion would actually be seen lo wiggle with lail-currcnts of all differential pair 
amplifiers simultaneously and fully turned on. With gradual tail-current switching, the 
conslellation is not seen to wiggle, and data is not lost. The problem with the non-monotonicily 
causing the constellation to wiggle is that each lime an allenualor value is switched into the 
circuit QAM data tends lo be lost, thus degrading overall system performance of the signal 
Iransmillcd through the circuit. 

As part of an exemplary embodiment's operation, an automatic gain control (AGC) 
3512 of FIG. 35 would be generated as one of the control signals by exiemal receiver circuito' 
io adjust ihe input signal level presented to the receiver. I his AGC control voltage would be 
fed into a control voltage input 3512 to select a value of aiienualion tluough the circuit 
assembly. It is desirable to switch the attenuator such that when the attenuation is adjusted, the 
data is not lost due to the switching period. In an exemplao' embodiment of the present 
invention it is necessary to switch a maximum of .04 dB per step in attenuation value. 

FIG. 43 is an illustration of an embodiment showing how individual control signals 
4301 used to turn on individual differential pair amplifiers are generated from a single control 
signal 4302. There are many ways to generate control signals to turn on the differential pair 
amplifiers, individual control lines may be utilized, or a digital to analog converter may be used 
10 transform a digital address to an analog control voltage. 

In the cmbodimem of FIG. 43 to generate the control signals resistors 4304 are 
connected in series between a power supply voltage and ground to create a series of reference 
voltages at each interconnecting node. The voltages at each node between the resistors is the 
reference input for one of a series of comparators 4306. The reference input of the comparator 
connects to a node providing the reference voltage setting. The other input of (he comparator 
is comiected to the control voltage 4302. When the value of the control voltage exceeds that 
of the reference voltage for a given comparator the comparator goes from a zero state to a one 
state at its output. The zero state is typically zero volts and the one state is typically some 
voltage above zero. The voltage generated to produce the logic one state is such that when 
applied to a gate of a transistor making up the current tail 4308 it is sufficient to turn on the 
differential pair of amplifiers that constitute the low noise amplifier (LNA) controlled by that 
current tail. 

As can be seen from FIG. 43, all the LNA amplifiers set to be activated with a control 
voltage of the current setting will be turned on. In this arrangement simply increasing the 
control voltage simply turns on more LNA amplifier stages. Additional circuitiy is required to 
deactivate previously activated amplifiers such that only a fixed number of amplifiers remain 
turned on as the control voltage increases. This is done so that the sliding potentiometer 
function can be implemented with this circuit. 
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FIGS. 44a and 44b illustrate an cnibodinicnt ofonc of the individual comparator stages 
4308 of FIG. 43 used lo turn on or off individual LNA amplifier stages. In the integrated 
swiichless programmable attenuator and low noise amplifier the circuitry used to activate 
individual cells is duplicated at each attenuator's lap point and intercomiectcd so that a sliding 
tap can be sinuilalcd using it single control voltage, \\^, 4302. In describing a cell's opcnuion 
it is convenient to start mih the control voltage 4302 that is being applied lo achieve a given 
attenuation value. 

To illustrate the comparators operation, a control voltage is applied lo each of a series 
of comparators, as is shown in FIG. 43. The circuit of FIGS. 44a and 44b makes up one of 
these comparators. FIGS. 44a and 44b show the control voltage as V^.,^, ;md the reference 
voltage as V,^^. These voltages arc applied to the gates of a differential pair of transistors (Ql 
Q2). The circuii in FIGS, 44a and 44b surrounding Ql and Q2 functions as a comparator wiih 
low gain. The gain of the comparator is kept low to control the speed of switching on and off 
the laiUcurrents of the low noise amplifiers. 

In FIGS, 44a and 44b when the control voltage input V^^ passes the reference level set 
at V^^^ihe amplifier with its reference set closest to, but less than V^^^ remains deaciivated. (The 
n+1 amplifiers where V^,, has not exceeded V,^^ remain turned off, until activated by V^„.) First 
the comparator output "current (cell n)" goes high. When "current (cell n)", which is connected 
to the gale of Q15, goes high it switches the transistor on. Transistors Q16 and Q17 are used 
to deactivate the adjoining current mirror circuii. Amplifier, .Ajiip^ is turned off by shunting 
current away from the current mirror 4402. shutting off the tail current Q 15. Thus, the current 
amplifier cell with a comparator thai has just been tripped remains turned off 

Comparalor output signal "next (cell n+10)'' is the opposite stale of "Current (cell n)'*. 
The next 10 cells are turned on by the control signal "next (cell n+lO)", These cells have not 
yet had their comparators tripped by the control voltage present on their inputs. Thus the 
bottom of the sliding tap is pushed up and down by the control voltage, V^,^, In this state 
transistors Q16 and Q17 in the next 10 cells are not conducting current away from the current 
mirror. This allows the current tails of each amplifier, Q 1 5 to conduct causing amplifier Amp^ 
lo be turned on in each of the 10 cells. 

Note thai as a larger number of cells are grouped together, for simultaneous turn on, a 
larger number of differential amplifier cells in the integrated switchless programmable 
attenuator and low noise amplifier are required to achieve the same attenuation range. 

Once the control voltage has been exceeded for a given cell, the default state for all the 
previous amplifiers Amp„ is to be turned on, unless the cell is deactivated by either Ql or Q2 
being activated. 
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I hc signal "previous (from cell n-l 0)" dcaclivales an,plincr cells when it ,s m Ihe high 
stale This signal is supplied from the previous identical comparator. 

,n KIGS 44a and 44b. a provision for adjusting the abruptness oi an.pl.her gam .s 
ovided. Tr.u,sistors Q3 and Q 1 0 are bemg used as variable resistors. These variable res.s.ors 
. used to change the gain of the comparator. Varying the gau. of the cmnparator allows ,e 
abruptness in the overall ampl.f.er ga.n to be controlled, .uttn^g a h.gh voltage on smoothne. 
control" causes the dram of Q5 and Q6 to be shorted together. 1 he ga.n .s reduced and a veo 
uradual transition between stales is provided by doing this. , , , , , p.i^.u 

- A receiver front end such as previously here is described n. n,orc dead , U.S 1 a.cn 
Application No. 09/438.6«7 fded November ,2. 1999 (D600:33757) enU ed ■•Integrated 
slbless Programmable Attenuator and LowNo.se Amphf-er" by K.aas Bult and . am n A. 
Gomez; based on U.S. Provisional Application No. 60/108.210 ..led November .2. .998 
(B600:33587). the subject matter of which is incorporated in its entirety by reference. ma> be 
used before the fully integrated tuner architecture. 

RECEIVER FREQUENCY PLAN AND FREQUENCY CONVERSION 

Returning to FIG. 1 9 a block diagram illustrating the exemplar)' frequency conversions 
uaiiJnremLimentsoftheinven,ion,^RPsignal,90.from50Ml.^^^^ 
is made up of a plurality of CATV channels is mixed 1916 dow. by a first LO (10,) 9.2 th 
.an.es from ,250 MHz to 2060 MHz, depending upon the Cranne. tuned. ^^^^^^^^ 
, 9.'8 that is centered a. 1 .200 MH. Th,s 1 .200 MHz firs, 1 F s.gna, ,s passed ...oug a r 
f.Uer bank .9.2 of ca.scadcd b.id pass fiUers to remove undcsired spunous signals. The firs 
Muencv conversion in the receiver is an up conversion to a first inte^ediate > ^ 

higher than the received RF frequency 1906. The firs, intermediate frequency is next mixed 
1932 down to a second IF 1922. . ,Qn,),pf;„t 

A second local oscillator signal at 925 MHz (LO,) .904. is used to m.x 1932 the firs. 
,F 1918downtoasecondIF 1922 signal centered at 275 MHz. A second bank of band pa^ 
f.l.ersI934 removes spuriousoutputs from .hlssecondIFsignall922.thathavebecneenera.ed 

in tfie first two frequency conversions. .„,>,,,hirrtlF 1926 

A third frequency conversion 1 924. or the second dcv.-n conversion to Oie d^.rd IF 1 926 
is accomplished wi* a third LO (LO,) 1930 of 231 MHz. A third filler 1936 removes »y 
spurious responses created by the third frequency conversion and ^y --"^j;^^ 
Lonses that have escaped rejection through the previous two filler banks. This third band 
rniter 1936 .ay have its response centered at 36 or 44 MHz. A 44 MHz IF produced by 
.he 23 1 MHz LO is used in the United Slates while a 36 MHz IF is used ,n Europe. Th LO, 

J .k. -XA MH7 IF The local oscillator's signals are 
is adjusted accordingly to produce the 36 MHz IF. ,,,en,ativc 
advanugeouslv generated on chip in d.e described embodiment. However, in al.emat.ve 
:ldiLn.s;he receiver .mplemen..ionneed„otnecessari.ybe.im..ed to onch.pfreq««^^^ 
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1 generation. In the embodiment shown the second LO 1904 is advantageously generated by a 
narrow band PLL circuit 1910 that includes a VCO and a control circuit that tends to keep the 
VCO centered. 

5 LOCAL OSCILL.A'i OK REL.ATIONSl-llF 

FIG. 45a is a block diagram illustrating the exemplar)' generation of local oscillator 
signals utilized in the embodiments of the invention. In the embodiment shown the local 
oscillator circuitr>' is disposed upon a semiconductor substrate 4503. Equivalently the local 
oscillator signah may be produced by circuitry' that is not disposed upon a semiconductor 

1 0 substrate. Other suitable materials arc printed circuit boards comprising ceramic, Teflon, glass 
epo.xy, and so on. In the embodiment shown the oscillator circuitf)' is integrated as a piiri of a 
tuner integrated circuit on a common substrate. The frequency plan utilized in the cnjbodimcnts 
utilizes a pure third local oscillator signal (L03) 1 930, created by direct synthesis 4502 that falls 
within the band of received signals. The first two local oscillator signals C'LOl") 1902, 

1 5 ("L02") 1 904 are generated using indirect synthesis techniques utilizing a pair of phase locked 
loops 4504,4506. 

A third local oscillator ("L03") 4502 uses direct synthesis, to divide the second local 

oscillator frequency L02 down to create the third local oscillator signal L03 1930. The local 

oscillator signals LOl:1902 LO2;1904 LO3;1930 utilize differentia! signal transmission in 
20 transmitting the local oscillator signals to the desired mixers 1916, 1932, 1924 of FIG. 19 

respectively. In alternative embodiments single ended transmission is utilized to conduct the 

signals to their intended locations. 

The indirect synthesis of the first and second LOs utilizes a frequency reference 

generated by a 10 MHz cr^'stal oscillator 5408. The 10 MHz crystal oscillator utilizes the 
25 previously disclosed differential signal transmission and a unique design that advantageously 

tends to provide an extremely low phase noise reference signal. 

The PLLs utihzc tuning methods to change frequencies, as required when tuning a 

desired channel or maintaining a desired frequency once set to a desired frequency. The first 

local oscillator (LO,) 1902 is produced by utilizing a method of wide band tuning. The second 
30 local oscillator (LOj) 1904 is produced by narrow band tuning. The embodiments 

advantageously utilize a narrow band tuning circuit and method to achieve frequency lock in 

the narrow band PLL. 

NARROW BAND PLL 2 AND VCO 
35 FIG. 45b is a block diagram that illustrates the relation of the VCO to the second LO 

generation by PLL2. Circuitry to generate the second LO frequency of 925 MHz 1904 includes 
a narrow band PLL 4506. A component of the PLL loop is a voltage controlled oscillator 
("VCO") 4532 that changes the second LO frequency in response to a control signal 4533. The 
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VCO also operates under the control of a VCO tuning control circuit 4535. The VCO tuning 
control circuit generates a set of control signals 4520 that tend to maintain an optimal range of 
control voltage in Ihe VCO thai in tun. tends to provide a valid frequency lock state in the PLL. 
The VCO tuning control circuit is controlled via external signal lines that accept external 
commands and provide status indications 45 10 4512 4514 45164518 that tend to be useful for 

controlling receiver operation. 

FIG. 45c IS a block diagram ofanembodmicatofa VCO 4532 utilizing a tuning control 

circuit 4535, A control voltage 4533 acts on the VCO circuit 4532 to produce an output 
frequencv 1904. In the VCO circuit an increasing control voltage typically produces an 
increasing output signal frequency f„„ . The control voltage tj'pically provides a fme resoliuion 
in setting the VCO frequency, fhc fme setting is susceptible to disruption due to temperature 
and process variations typical in VCO implementations. Typically a predetermined control 
voltage designed to fall near the middle of a VCO's tuning range places the VCO at the center 
of a tunmg range. It is desirable to have a VCO that tends to have a linear relationship bet^veen 
control voltage 4533 and frequency output 1904. However, a linear relationship tends to be 
difficult to maintain, especially in an integrated circuit. 

In ail integrated circuit, process variations and temperature effects tend to work against 
maintaining the linear relationship. It is desirable to provide a VCO having performance that 
lends to be mimunc to these effects. A sliding window function that is capable of trackmg 
variations in circuit perfonnance is provided by a VCO tuning control circuit 4535. The sl.dmg 
function is provided by changing a VCO tank circuit's resonant frequency by vaiymg .ts 
capacitajicc. 

A VCO that tunes linearly at one temperature may fail to maimain linearity at an 
elevated temperature. Likewise, a linearly tuning VCO fabricated in one lot run may be found 
to tune non-linearly when produced in a subsequem production run. Temperature and process 
effects may also cause a controlled voltage range to produce a range of output frequencies at 
that arc outside of a desired tuning range. A VCO integrated onto a semiconductor 
substrate 4503 tends to require an improved phase noise specification over a particular tuning 
range. 

In an exemplary PLL, with a lock range of 922 MHz to 929 MHz. suitable for use in 
a cable tuner disposed on a CMOS integrated circuit substrate, a phase noise specification 
sufficient for NTSC and QAM reception tends to be desirable. 

To counteract temperature in process variations in an integrated VCO, the tuning control 
circuit 453 5 is utilized. In an embodiment the tuning control circuit 4535 is disposed upon the 
same substrate 4503 as an integrated VCO 4532. In an alternative embodiment the tuning 
control circuit 4535 is implemented off of the substrate. 
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1 The tuning control circuit has nnultiple inputs. It is supplied with a "clock" input 45 M 

to provide sequencing in performing its internal operations. In the exemplary embodiment the 
clock signal is derived from the 10 MHz reference signal 4508 of FIG. 45a. An indication of 
external circuitry stale 4510 is input to the tuning controls circuit. The "state" signal is derived 

5 from the VCO's loop filter. A "reset" line 4512 is provided as an input lo reset the internal 
tuning controls circuitr)' prior to comrncncenienl of a new tuning process cycle. The tuning 
control circuit produces an output lo the VCO 4532 comprising one or more ("n") control lines 
4520 that control VCO 4532 tuning circuitn'. Such tuning circuitr)' may be one or more circuit 
component thai sets the VCO tuning range, in an embodimenl of the invention six control lines 

10 4520 are provided. 

The tuning control circuit 4535 provides two additional oulpuls. An "in lock" output 
4518 provides an exlernal indication that a phase lock condition in the VCO has been achieved. 
The output labeled "done" 4516 provides an indication that the tuning control circuit has 
Imished performing its function of centering a VCO tuning range. 

1 5 FIG. 45d is a block diagram of an embodiment of a VCO having a tuning control circuit 

and showing tuning control circuit imeraction with major VCO components. A typical VCO as 
known to those skilled in ihe art comprises circuiu)' that implements the subsystems showTi in 
FIG. 45d. Typical VCO subsystems comprise a gain block 4599, a feedback network 4505 and 
a summing junction 4507 that couples the amplifier output, as modified by the feedback 

20 network, to the amplifier input. These functions are often implemented by circuit components 
that poses interconnections thai are not as easily identifiable as shown. However, in any 
functioning oscillator the functional subsystem and inierconncciions as illustrated L\rc present. 

A VCO is an oscillator that produces a variable frequency output fyur^ ^hai is 
proportional to a control voltage input 4533. A VCO is typically integrated on an integrated 

25 circuit subsuate 4503. Major components of a VCO comprise an amplifier 4599 a source of 
feedback, such as feedback network 4505 typically comprising a resonant tank circuit and a path 
to couple the feedback to the amplifier's input represented by a summing junction 4507. 

The VCO shown 4532 illustrates in block diagram form the concept that for oscillations 
lo be sustained an energy producing element, such as amplifier 4599, provides energy to a 

30 feedback network 4505 that by virtue of its interconnections feeds back a portion of signal {q^jj 
back to the input of amplifier 4599. Feedback is typically provided by a direct connection. 
However, feedback is also accomplished through radiation, or a parasitic path, such as through 
a power supply coupling. To sustain oscillations, the feedback loop must satisfy the 
Barkhausen critena at f„„,: G(j2Kf„JH(j27rf,J= -1. where GG27if^Jis an amplifier transfer 

35 function and HQliif^J is a feedback network transfer function. If Barkhausen criteria is 
satisfied, the oscillator will oscillate to produce an output frequency, f^^, 1904. 

Feedback network 4505 typically comprises frequency selective elements 4509 451 1 
that form a tuned circuit exhibiting resonance in parallel (as shown in FIG. 45e), series or a 
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combination of series and parallel. Such a circuit is often referred to as a resonant tank. By 
varj'ine the tuned circuit element's value con.ained in feedback ncnvork 4505 ,he output 
frequency of oscillatum f.. may be vancd. Var.at.on of circuit clcmen. value, is accomphshed 
with control voltage 4533 and control Imes 4520. The control lines set a frequency tun.ng range 
and the control voltage adjusts the frequency within a frequency range set through the control 

lines. , r 

FIG 45c is a schematic of the feedback network 4505 thai allows the frequency ol 
oscillation.obead,usted.Thereedbackne,workcomprisescapaci.ive45Uandinductive4509 

circuit elements having frequency dependent responses. The feedback network typ.ca y 
comprises mulfpic c,rcu„ elements to produce an overall frequency -^P->- ^qu, va ently . e 
feedback network is nuertw.ned wUh ihe amplifier circuit (or gain stage)(4.99 ol MG. 4.d^ 
For example, a feedback network comprising an LC tank circuit as shown in Fia 44e w. 
resonate at a frequency dependent upon the combined values of inductance 509 and 
capacitance 451 1. If a variable capactance 4515 is included, as showu a resonant frequency 
may be tuned over a range of frequencies by adjusting U>e capacitance 451 5. Altemat.vely. an 
inductor 4509 may be of the variable type to adjust the output frequency 1904. However an 
adjustable capacitance 45 1 1 .s typically easier to fabricate on an integrated circu.t substrate than 

a tuned inductor 4509. n 

FIG 45f IS a schematic of a feedback network thai allows the frequency of oscllafon 
to be adjusted continuously by varactor tuning. Varactors typically provide a fine tunmg range 
of adjustment in a VCO. In an embod .me.u a continuously adjustable capaci.arKC ,s prov.ded 
bv vaxacor d.odcs 451 5 A varacor d.ode ,s a d.ode that poses a vao'ing amount capactance. 
The amount of capactance depending upon a level of direct currem biasing the varactor d.o e. 
Toset the varac.orstuninBraneeafixedcapacitance4513is.yp,cally used. Thefixedcapactor 

typically gets the tuned circuit close to a desired frequency, and the varactor fine tunes the 
des,red frequency. Inanaltcrnateembodimentanetworkofdiscreetlyswitchedcapacnors may 

be used in place of fixed capacitor 45 1 3. In the later described arrangement utilizmg d.screet y 
switchedcapacitors.discreteran8esoftunablefrequencies.witheach range beingcontrnuously 

tunable is provided. . 

With discrete capacitor tuning it is desirable to select the value of capacitance b) 
electromcally add.ng or removing a capacitor, without rrtcchanical switching. With electromc 
switching of capacitor values a resonant center frequency for the network is defined by one or 
more capacitances that are switched in, combined with the capactance as set by dre varactor s 
current bias voltage. The capactance range of the varactor sets the tuning range of the feedback 

The varactors in the embodiments of the VCO are fabricated from NMOS Uansistors 
4517 The feedback network 4505 shown prov.des a tuning range defined by a series 
combination of capacitance provided by one or more varactors 45 1 5 combined in parallel with 
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1 a fixed capacilor 4513. The varactors provide a capacitance that is variable in response to a 
biasing control voltage 4533 applied. The varactors are disposed such that when a control 
voltage 4533 is applied to a varaclor diode, it is back biased and no current flows. In an 
embodiment appropriate DC blocking capacitors may be ulilizcd to prevent current flow from 

5 the control voltage line 4533. 

A varacior is typically constructed as a diode having two leads. However, a discrete 
device package is incompatible with integrated circuit construction. In mi integrated circuit a 
varaclor may be compactly constructed from an NMOS transistor. 

In the embodiments a varaclor diode is constructed by shorting a drain ("D") and a 

10 source ("S") leads (or terminals) of cm NMOS transistor 4517. The coupled drain mid source 
form one terminal of the varactor, and the gate forms a second terminal of the varaclor. By 
shorting the drain and source leads of an NMOS device 4517a bulk resistance 4519 from drain 
to source is present. The bulk resistance is modeled 4519 by a parallel combination of two 
resistors each of value R. In an NMOS transistor current does not substantially How from gate 

15 ("G"J to either of the drain D or source S terminals. Therefore, a separation of charge or 
capacitance is created from the first lenninai formed by the gate to the second terminal formed 
by the shorted drain and source through the parallel combination of two resistors R. A DC 
voltage applied to the NMOS varactor produces a variable capacitance that is inversely 
proportional to die apphed DC voltage. 

20 NMOS transistors arc a type of MOSFET transistor, which in turn is a type of field 

effect transistor, or PET. Equivalently, other types of FETs could be utilized to form a varaclor, 
such as a PMOS device. 

FIG. 45g is a graph of capacitance verses control voltage applied to an NMOS varaclor. 
As can be seen from this graph, varactor capacitance 45 II lends to be inversely proportional 

25 to an applied control voltage 4533. A portion of the curve tends to be linear 4521. It is 
desirable to utilize the linear portion of the tuning curve to tune the VCO. Such a curve is often 
referred to as a C-V curve. 

FIG. 45h is a graph illustrating average capacitance achievable with an NMOS varactor. 
Here, a family of various C-V curves are presented for different conuol, or source voltages. 

30 Equivalent series resistance or ESR is a figure of merit for a capacilor. The ESR of an 

NMOS varactor is the drain source resistance of the shorted leads. In an exemplary design, the 
NMOS FETS used to form the varactors have an atomic W/L equals (20/0.35) that is repeated 
36 times. 

Vj is the controlled, or source voltage applied to the shorted source and drain leads of 
35 an NMOS varaclor. on the horizontal axis represents the voltage applied to the gate of an 
NMOS varactor. As the gate voltage is varied from zero to a maximum voltage, the capacitance 
switches between a depletion capacitance ("C^,p") and an oxide capacitance ("Co,")- ^h^ ^oUl 
charge transferred during each cycle of voltage variation on the gate, such as when a varying 
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1 noise or RF signal is present in the circuitry, is a measure of the effective capacitance. The 

cffcclivc capacilajice is represented by the area under the C-V curve. Thus, voltage variations 
in the C-V switch thresholds modifies the effective capacitance of an NMOS varacior. Thus, 
nicker noise in the NMOS device tends to cause frequency modulation of the VCO by changing 

5 the capacitance and in turn changing the frequency produced by the VCO. 

The capacitance produced from an NMOS connected to form a varactor is an average 
value of the device's capacitance. When the NMOS' applied gale to source voltage C'V^;') is 
less than an inherent threshold voltage ("V,") of an NMOS transistor, the transistor is in the "off 
state" and has a capacitance equal to a depletion capacitance ("0^,;') of the NMOS. 'fhis is a 

10 relatively small value of capacitance. 

When V^^ exceeds V.. the NMOS is in an ^'inverted state" where a greater oxide 
capacitance CCJ') is produced. A changmg gale voltage produces a capacitance Uiat is not 
linear, but rather an average capacitance. The capacitance switches between a low capacitance 
and a high capacitance value depending upon signal swing present across the NMOS, such as 

1 5 is present in an RF signal. 

The value of average capacitance depends upon the time the MOSFET is "inverted" 
compared to the time that it is "off. The voltage gating the varactor on and off is the voltage 
swing across the varactor. For example the voltage swing across the varactor is the result of the 
VCO output's RF signal swmg being present across the varactor. Effective capacitance depends 

20 upon a charge transfer which is equal to the area underneath the CV cur\'e. Thus, an integration 
of the area under the CV curx-e for a given voltage swing ("V/") represents the effective 
capacitance obtained. 

Further, this average capacitance is a linear function of the signal swing and the control 
voltage. As the voltage on the source drain connection ("V,"), which is the control node, is 
25 changed, the switching point is changed, since the voltage on the gale V^. must exceed the 
voltage on the conU-ol node by V, before the large oxide capacitance is formed. Thus, by 
changing the control voltage V,, the capacitance of the NMOS varactor is changed. 

FIG. 45i is a schematic of an embodiment of a VCO 4532 that includes an amplifier 
4599, a feedback network 4505 and summing function 4507 in its circuitry. The embodiment 
30 shown utilizes NMOS varactors 451 7 to provide frequency control. 

The amplifier circuit 4599 consists of a pair of NMOS driver transistors Ml M2. The 
NMOS drivers each poses an inherent capacitance that tends to contribute to the tuning of 
the VCO. 

Transistor Ml has its source coupled to ground. The drain of Ml is coupled to the gate 
35 of M2. a first terminal of a first inductor 4509, the first lenninal of a first varacior 45 1 5 and a 
set of first terminals of a first bank of six capacitors 4528. A set of second terminals of the first 
bank of six capacitors are each coupled to one of a first set of six transistor switches 4527 
drains. The sources of the switching transistors are coupled to ground. The gates of each of the 
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1 switcliiiig iransislors are coupled lo individual control lines b, through b„ 4520 that meike up the 
n control lines that originate from the tuning control circuit (4535 of FIG. 45d). 

Transistor M2 lias its source coupled lo ground. The drain orM2 is coupled to the base 
ofMl, a first terminal of a second inductor 4509, the first icmiinal of a second varacior 4515 

5 iuid a set of first terminals of a second bank of six capacitors 4528. A set of second terminals 
of the second bank of six capacitors arc each coupled to one of a second set of six transistor 
switches 4527 drains. The sources of the second set of switching transistors are coupled to 
ground. The gates of each of the switching transistors are coupled to individual control lines b, 
tlirough b„ 4520 that emimaie from tlie tuning control circuit (4535 of FIG. 45d). 

10 The second terminals of the first and second varactors are coupled together and to the 

control voltage 4533 supplied by the tuning control circuit (4535 of FIG. 45d). The second 
terminals of the first and second inductors are each coupled to the source of transistor M3 of 
the adaptive bias circuit 4522. 

The Adaptive bias circuit 4522 comprises a PMOS transistor M3 with its drain coupled 

15 to a voltage supply and a first terminal of a capacitor 4531. The second terminal of 
capacitor 4531 is coupled lo the gate of M3. The gale of M3 is also coupled to the first terminal 
of a resistor 4524. The second temiina! of resistor 4524 is coupled to the adaptive bias control 
line 4530 that is supplied by a constant G^ bias cell 4536. 

Adaptive bias causes the iransconductancc of transistors Ml ajid M2 to remain fixed. ; 

20 Adaptive bias 4522 is provided by a PMOS transistor M3 that tracks temperature and process 
variations by virtue of being fabricated by common IC processing. Variations in process and 
temperature create a var)'ing voltage at the gale of PMOS transistor M3. 

The adaptive bias control line 4530 is coupled to the gates of transistors M4 and M5 in 
the consianl bias cell 4536. The constant G„ bias cell is representative of the functions 

25 needed to implement adaptive bias and is conventionally constructed as is known to those 
skilled in the art. The constant G„ bias cell lends to maintain the iransconductancc of M6 (gj 
at a value of 1/R2 through local feedback. Current I varies with temperature and process to 
ensure this. The value of R2 is scaled through an amplifier gain. Appropriate scaling of Ml and 
M2 with respect to M6, and of M3 to M5 gives a g„Mi/M2=k(l/R2)=k(g„M3)- Thus, a constant g„ 

30 tends lo be maintained in transistors Ml and M2. 

In the constant G„ bias cell the drains of MS and M4 are coupled lo V^o- The gale of M5 
is coupled to the source of MS. The source of MS is also coupled to the drain of M7. The source 
of M7 is coupled to a first terminal of R2. The second terminal of R2 is coupled to ground. The 
source of M4 is coupled to the drain of M6 and the gate of M6. The source of M6 is coupled 

35 to ground. 

Maintaining a constant u-ansconductance in Ml and M2 assists in maintaining a sliding 
window. The sliding window that is being maintained is the upper and lower limits of the VCO 
control voltage range. For the transconductance of Ml and M2 to remain constant, their V^, 
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1 musl move in response lo temperature and process variations. As V^, moves, it is desired lo 
have the window move to track this change. The capacitance obtained across the varactor is 
dependent upon ihe V^., of M I and M2. Thus, if the V^., ofM 1 uud M2 changes, it is desirable 
to have the window change in a manner responsive lo the change of the V^, of Ml and M2. 

5 FiG. 45j is a schematic of an equivalent circuit model of llie VCO of PIG. 45i. In an 

cmbodimenl, a design provides speciiic phase noise performance. The noise contribulions is 
primarily due to flicker noise of the transistors, varactors, and the bias circuit. 

In modeling an equivalent circuit as long as the tuneable capacitance is a small fraction 
of the fixed tank capacitance the flicker noise ri/f) contribution of the varaciors is minimal. 

10 Up-convcrsion of l/f noise is minimized by maximizing the gale threshold voltage 

("V^,") of M 1 and M2 of FIG. 45j, imd making ihe transistors reasonably huge. In making the 
trimsisiors large the total gate capacitance present in the circuit is a constraint. The biasing 
transistor M3 of FIG. 44j is made wide and short to maximize gate area and minimize its head 
room impact. Headroom impact refers to the fact that to reduce power consumption the 

1 5 inductors 4509 are not coupled directly to ^od- As the W/L ratio of M3 is reduced, a larger 
voltage is dropped across the drain and source terminals of M3. To provide sufficient headroom 
in the described embodiment it is desired to maintain Vps > (^sc - ^'d- I" ^ ^^^ort to 
reduce l/f noise, the gale of transistor M3 of FIG. 44j is filtered by a 100k OHM on chip 
resistor 4524 and a 0. 1 pF external capacitor 453 1 , both of FIG 45j. The filtering ensures that 

20 noise from the small bias devices does not adversely affect the overall noise performance of the 
VCO core shown in FIG. 44j. The low pass filter possesses a 10ms lime constant that does not 
affect startup as the external . I pF capacitor is initially charged through a switch having a worse 
case on-resisiancc of substantially 50 OHMS. The .1 pF and 50 OHM resistance provide an 
acceptable time constant for circuit performance. 

25 The small signal circuit model shown in FiG. 45k is a reasonable approximation of the 

VCO since the switched capacitors and varactors are designed to have a Q that is much greater 
than the inductors. Thermal noise arising from the substrate and gate resistance is minimized 
through careful design and layout techniques known lo those skilled in the art. The equivalent 
parallel resistance of the tank is 2R, where R is approximately equal to (Q^)r. 

30 FIG. 45k is a schematic of a tuning control circuit controlling switched capacitors 

tending to center a varactor tuning range. In FIG. 441 variable capacitors 451 1 of FIG. 44f is 
represented by a single fixed capacitor 4509 and a series of switched capacitors C, through C„ 
and a continuously variable capacitance provided by a pair of varactors 4515. The capacitors 
utilized in the circuit may be of any type including those suitable for integrated circuit 

35 fabrication. In an embodiment metal fringe capacitors are used for the switched capacitors. The 
parallel combination of the capacitors provides the required overall capacitance C as shovm in 
FIG. 44f. In alternative embodiments capacitance in the tuned circuit may be made up of any 
number or combination of fixed capacitors and switched capacitors. Capacitors C, through C„ 
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1 arc discrete capacitors that are added or removed from the tuned circuit by a field effect 
transistor ("FET") switch. 

Each switch is acli valed through an individual control line lhat is part of a bus of control 
signals 4520 emanating from the tuning control circuit 4535. in alternative embodinienls the 

5 mimhcr of conlro! lines may be reduced U> less (han one per swiich by addressing ri 

denuilliplexcr tlu-Qugh a one or more multiplexed lines. The presence of a voltage on any one 
of the given control lines sufficienl lurn on the channel of the field effect transistor effectively 
couples the capacitors 4528 to the tunable resonance circuit 4505. 

FIG. 46a is a schematic of a PLL having its VCO controlled by an embodiment of the 

10 VCO tuning control circuit. A VCO tuning control circuit 4535 is provided to tunc a VCO 
4532 thai is contained in an exemplary narrow biuid PEL 4506 that generates an I and a Q 925 
MHz local oscillator signal 1904. In the embodiment shown the local oscillator signal is a 
differential signal. However, in alternate embodiments a single ended signal is equivalently 
utilized. 

1 5 The tuning control circuit makes use of a temperature and process dependent moving 

window of acceptable control voltages defined by a range of voltages that vary with temperature 
and process. The moving window lends to aid in optimally choosing a range of valid control 
voltages for the PLL that tend to aid in attaining a frequency lock. The control circuit uses the 
moving wmdow lo center a varactor diode's (4415 of FIG. 45k) tuning range by adding or 

20 removing capacitance. Centering tends to avoid gross varactor non-linearities by causing a range 
of control voltage being utilized to fall on a linear operating region of a C-V curve. Also, the 
circuit lends to mitigate dead band conditions and lends to improve loop stability over process 
and temperature variations. 

Process and temperature variations cause variations in VCO performance. Process 

25 variations refer to inconsistencies in the manufacturing process that can result in wafer-to- wafer 
and/or chip-io-chip differences. A VCO integrated on a chip can be up to ±20% off in its 
frequency range. Environmental effects primarily consist of temperature. Pressure and humidit)' 
can have a second order effect on performance. Immediate calibration at power up is done to 
center the varactor diodes at the middle of their tuning range. This is done by switching in 

30 capacitors and monitoring loop voltage. To center the VCO^ frequency tuning range that is 
provided by tlie variable capacitance of the varactors, the embodiments of the invention 
immediately calibrate the VCO by adding or removing capacitance. Switching capacitors in or 
out of the circuit centers the varactor's capacitance range at the middle of the VCO's tuning 
range. To monitor centering of the varactors a window comparator is used to evaluate the state 

35 of a control voltage that is used to tunc the VCO. The window comparator determines when 
the control voltage is within the VCO's preferred control voltage range to improve the PLL 
performance. 
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The VCO tuning control circuitry 4535 controls the VCO 4532 of a conventional PLL 
4506. The I'LL is conventionally consiruclcd as is shown in FIGS. 17-18. A reference divider 
4610 is controlled by externally supplied frequency select lines 4608. The PLL comprises a 
crystal oscillator 4606 thai inputs a stable frequency to the programmable reference divider 
4610. In the embodiment shown the co'slal oscillator is constructed as shown in PIGS, 7-16. 
In allemalive embodiments the co'stal oscillator is conventionally constructed as ,s known by 
those skilled in the art. The reference divider is conventionally constructed as is known by 
those skilled in the art. The reference divider in turn oiilpuls a frequency 4612 that is based 
upon the reference frequency to a first input of a phase detector 4614. The phase detector is 
conventionally constructed as is known by those skilled in the art. A second input 4616 to the 
phase detector is a current output of the VCO 4532. 

FIG. 46b illustrates a pulse train output of the phase detector. A pulse train 4620 is 
derived from the VCO output signal 4616 and the reference oscillator signal 4608 as shown. 

Reluming to FIG. 46a the phases of the two phase detector inputs 4612,4616 are 
compared in the phase detector. A pulse train representing the phase difference is output 4620 
from the phase detector and coupled to the input of a charge pump 4622. The charge pump is 
conventionally constructed as is known by those skilled in the art. The output of the charge 
pump is fed into a low pass filter 4624. The output of low pass filter 4624 is fed into the control 
voltage input of the VCO 4618. The VCO outputs an image :uid quadrature signal 1904 at a 
frequency as set by the frequency select line 4608. 

Tlie voltage controlled oscillator 4532 is conventionally constructed, and comprises a 
variable capacitance used to tune the output frequency. VCO 4532 additionally comprises a 
series of switchabic capacitors utilized to center the tuning range of the variable capacitance 
elements comprising the VCO. The switchable capacitors are controlled by signals emanating 
from the VCO tuiting control circuitry 4535. The conuol signals 4520 are routed from tuning 
register 4630 to the VCO 4532. 

The VCO tuning control circuitry 453 5 utilizes a control signal called "state" 4510 taken 
from low pass filter 4624. The voltage signal "state" 4510 is input to the positive inputs of a 
first LSB comparator 4634 and the positive input of a second MSB comparator 4636. The 
negative inputs of comparators 4634 and 4636 are coupled to DC reference voltages V 1 and V2. 
These reference voltages shift depending upon temperature and process conditions. 

Voltages VI and V2 are taken from a resistive divider circuit that utilizes a transistor 
to track process and temperature variations. A conventional voltage reference 4607 outputting 
voltage at level VI is applied to a first terminal of a first resistor 4603 and the negative input 
of msb comparator 4636. A second terminal of the first resistor is coupled to a first terminal of 
a second resistor 4605 at node 4637. A second terminal of the second resistor 4605 defines 
voltage threshold V2 is coupled to a drain of a transistor M4. The drain of M4 is coupled to the 
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negative terminal of Isb comparator 4634. A source of M4 is coupled lo ground, and a gate of 
M4 is coupled to node 4637. 

Comparator 4634 outputs signal Lsb and comparator 4636 output signal msb. Voltages 
V I and V2 set thresholds lo form a sliding window which monitors the state of the closed PLL 
by monitoring voltage 45 1 Oai low pass filter 46?.4. Control voltage 45 1 0 is taken as ihc voltage 
across a capacitor in the low pass filler thai induces a zero in the loop filter 4624. Thus, the 
control voltage is a filtered version of the control voltage of the PLL loop., and thus lends lo 
have eliminated spurious components present on the VCO control line. 

Signals msb and Isb are fed in parallel to a 2 input AND gale 4640 and a iwo inpul 
exclusive NOR gale 4642. 'I'he oulpui of exclusive NOR gale 4642 is fed into the D inpul of 
a DQ flip-flop 4644. The Q output of the flip-flop is fed into a iwo inpul AND gale 4646, 
whose outpui is in turn fed into the clock inpul of a 6-bil bi-directional tuning register 4630. 
Reluming lo AND gate 4640 its outpui is fed inlo the shift lefl/righi inpul port of ihe 6-bii 
bi-direclionai tuning register 4630. 

The reset signal 4512 is based on the output of low pass filter C'LPF") 4624 and is 
applied to the VCO control circuit as described below. Low pass filter 4624 lakes its input from 
charge pump 4622's outpui. A first shunt capacitor 4609 has a firsi terminal coupled to the LPF 
input it has a second terminal that is shunted to ground. Resistor 4611 has a first terminal 
coupled to the LPF inpul and a second terminal coupled to the first terminal of a capacitor 4613. 
A second terminal of capacitor 4613 is coupled to the second terminal of capacitor 4609. 
Transistor 46 1 5 has a source coupled lo ground, a drain coupled to ihe first terminal of capacitor 
4613, and a gale that defines a reset signal 4512 utilized throughout ihe VCO control circuit. 
The reset signal is coupled lo an R terminal of DQ Hip-Hop 4644, a reset terminal "R" of the 
6-bil bi directional tuning register 4630, the *'R" input of DQ flip-flop 46 1 7, and a first inpul 
of a two input OR gate 4619. 

Clock signal 45 1 4 is based on the divided reference oscillator signal 46 1 2. Division of 
the reference signal is accomplished in any conventional manner, known by those skilled in the 
art. Clock signal 4514 is coupled lo the clock inputs of DQ flip-flops 4644 and 4617, a clock 
input of the 6-bol bi-directional tuning register 4630, and in-lock detector 4648. The clock 
signal is also applied to an inverted second input of the two input and gate 4646. 

Threshold voltages VI and V2 are in fixed relationship to each other but vary in their 
voltage levels. The pair of voltage thresholds, VI and V2, utilize a MOSFET transistor M4 
4635 to provide a sliding window function. The window is formed by the voltages V 1 and V2. 
The actual location of the window is set by the V^, of MOSFET M4 since the temperature and 
process changes present in M4 cause the value of VI and V2 to change. However, the 
difference in voltage between V 1 and V2 remains constant. 



wo 00/72446 PCT/USOO/14683 

1 For example, a change in lemperalure, theV^, of Ml and M2 would clumye. A change- 

in the V ,^ of Ml and M2 causes the capacilance of the varactor lo chiuigc. If a window thai did 
not track the change of V^^ was not provided, then ai elevated temperature the loop would not 
lock. At start-up. when the chip is at room temperature, V 1 is set to 1 .5 volts and V2 is set lo 

5 LO voh. The phase lock loop will attempt to lock with a voltage between i.O and 1.5 volts. 

Over lime, the chip temperature increases causing the V^, of Ml and M2 lo change. The 
capacilance changes in the viiraclor causes the VCO to move away from Ihe preset window. 
If the PLL tried 10 acquire lock at the elevated lemperalure. it would not be able to do so within 
a voltage range of 1 .0 to 1 .5 volts. 

jQ MOSr l-T m has ihe effect of making the voltages ai V I and V2 nol absolule values. 

However, liie difierence between V 1 cind V2 remains constant and fixed. At room lemperaiurc, 
V 1 and V2 may be 1 .5 and 1 .0 volt, respcciively. However al 85"C. ihey may drift to 2.0 and 
i .5 volts, respectively. The V^, of M4 changes with the elevated temperature. The voltage ai 
the tap point 4637 also increases wiih lemperalure forcing the position of the window defined 

1 5 by V 1 and V2 to move tracking the V^, of M 1 and M2. 

NARROW BAND VCO TUNING 

FIG. 47a is a process How diagram illuslraiing the process of tuning the VCO with an 
embodiment of a VCO control circuit, initially the control voliagc (4510 of FIG. 46a) is 

20 evaluated to see if il falls within a predetermined window 4702. If the voltage is within the 
desired range, the lime it has remained so is deiemiined 4704. The PLL tends to be in a state 
of lock when the conlro! voltage applied to the VCO has remained unchajiged for a 
predetermined period of time. If the voltage does not remain in range for the predetermined 
time, the process is reinitiated by looping back to the beginning. If the control voltage remains 

25 in the range for the predetermined time, the loop is deemed in lock, and the process is ended 
4712. 

Reluming lo block 4702, if the control voltage is out of range a decision is made 4706 
based on, wether the control voltage is above or belour the desired range. Ifthe control voltage 
is greater than the control voltage range, a capacitance is removed from the VCO circuit 4708. 
30 The process flow is routed lo the beginning of the process, where the control voltage is again 
reevaluated 4702. 

Returning to block 4706, ifthe control volUge is below the desired range a capacitor is 
added 4710. Next, the process routes the flow back to Ihe beginning of the process where the 
control voltage is reevaluated 4702. 
.35 The VCO tuning control circuitry 4604 of FIG. 46a functions to carry out the process 

of FIG. 47a. Ifthe voltage of the loop lies outside the window defined by the threshold voltages 
VI and V2. Tlie clock input to the 6-bit bi-directional tuning register 4630 is enabled. This 
register function may be provided by a conventional circuitry known in the art to provide this 
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1 function aiid is not limited to the circuilo' depicted. A "lock time out" circuit 4648 of FIG. 46a 

is reset on tlie rising edge of the clock signal to the 6-bit bi-directional tuning register 4630 of 

FIG. 46a. The 'Mock time out" circuit is conventionally constnicied and is not limited to the 

components depicted in FIG. 46a. 
5 Ifconlroi voltage 4632 exceeds the upper threshold set by the comparators, zeros arc 

shifted through the register 4630. A zero voltage decreases the capacitance in the VCO tuning 

circuilf)' by switching out a capacitance controlled by one of the 6 control lines 4628. 

Alternatively, any suitable number of control lines may be used other then the exemplary six. 

This shifting of values in a register allows one of six exemplary capacitor switch control lines 
10 to be activated or deactivated, an evaluation made and another line activated or deactivated so 

that the previous tuning setting is not lost. This function may be implemented by passing a 

value (on or ofQ down a line of capacitors by shifting or by activating a capacitor associated 

with a given line and then a next capacitor without shifting the capacitance control signal. 

If the control voltage 4632 is less thaji the lower threshold voltage of the comparator 
15 4634 ones are shifted through the 6-bil bi-dircciional tuning register. The ones increase the 

capacitance applied in the VCO tuning circuit by switching in a capacitance controlled by one 

of the 6 control lines 4628. 

Once control voltage 4632 enters the predetermined valid range of operation as set by 

voltages V 1 and V2 tlie shift register 4630 is disabled. At this time the locked lime out circuit 
20 4648 is enabled. If the lock time out circuit remains enabled for the predetermined time period, 

thai satisfies the in lock condition for the PLL. the clock to the DQ flip-flop 4644 is disabled, 
' thus disengaging the control circuit. I'hc functions described in this paragraph arc constructed 

from standard logic components known to those skilled in the art, and are not limited to those 

components depicted in FIG. 46a. 
25 FIG. 47b is a flow diagram of a PLL start up and locking process for an embodiment of 

the invention. 

A PLL start-up process is utilized to ensure that alt inputs to the PLL are in the proper 
initial state and applied at the proper lime. The PLL's start-up and locking process is completed 
when the PLL achieves a steady state. In the steady stale condition, the PLL is set to be locked. 
30 In response to a control signal, the PLL start-up and locking process is initiated 4701 , 

In an embodiment, a controller utilizes a bus structure to receive data indicative of circuit 
perfomiance, and to send commands to a circuit such that the coordination of circuit functions 
is accomplished. 

After initiation of the process, the logic circuits are reset 4703. Logic signals to be reset 
35 comprise a state signal 45 10, and a reset signal 45 12 that are inputs to the tuning control circuit 
4535. 

The next process step is directed to setting an initial VCO oscillator frequency. A tuning 
register 4630 is set to produce an output of all ones at process step 4705. An output of all ones 
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causes all capacitors in the VCO lo be switched into a feedback network circuit 4505 through 
control lines 4520 with a maximum value of capacitance switched into the feedback network, 
the VCO is tuned to its lowest frecjucucy where the frequency F is given by the relation, 

1 

F = r= (7-25) 

2ny/LC 



F = frequency in Hz (hertz) 
)0 L = inductance in H (heno ) 

C = capacitance in I- (farad) 

Next, the zero cap in a loop filter 5524 is zeroed in the next process step 4707. 

The tuning control circuit 4535 has now been initialized and VCO tuning 4709 is 

1 5 commenced. To tmie tlie VCO, an MSB and an LSB signal are sampled every 64th clock cycle 
4711 in an embodiment. The MSB signal is the output of comparator 4636 of FIG. 46a. The 
LSB signal is the output of a comparator 4634 aJso shoun in FIG. 46. The action taken in 
tuning the PLL depends upon the stale of the MSB and LSB signals. First, an evaluation is 
made to determine if tlie MSB and LSB signals are both equal to one 4713. If the signals are 

20 both in the ones state, a capacitor is switched into the circuit 4720. The stale of the circuit 
continues to be monitors and if the MSB and LSB are not equal to one, a further evaluation is 
made Next, the MSB and LSB are evaluated to determine if both signals are equal to a zero 
value 471 6. If both signals are equal to the zero state, a switched capacitor is removed 4722. 
The signal continues to be monitored eveo' 64th clock cycle 47 1 1 and when the MSB and LSB 

25 signals are not both equal to one or zero, a determination is made as to whether the MSB signal 
is equal to zero and the LSB signal is equal to zero 4718. If the signal does not meet this 
condition, the signal continues to be monitored with the capacitance adjusted until the MSB is 
equal to zero and the LSB is equal to one for three clock cycles. Once this condition has been 
met, the PLL is deemed to be in lock 4724. The circuit condition continues lo be monitored and 

30 if the PLL remains in lock for 1 5 reference clock cycles, the tuning circuit is disabled 4726. and 
the process is ended 4728. 

FIG. 47c is a graph of a family of frequency verses control voltage for various capacitor 
values that illustrates the use of comparator hysteresis to aid in achieving a frequency lock 
condition. The first embodiment of the invention does not utilize hysteresis, an alternative 

3 5 embodiment of the invention utilizes hysteresis. Comparators 4656, 4634 of FIG. 46a are shown 
as having hysteresis incorporated in their design. Returning to FIG. 47c, the comparator's 
hysteresis about a voltage level V, is shown by range A 4730. In an embodiment, hysteresis is 
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1 employed to help achieve a PLL lock condition 4732 corresponding lo a frequency F, at conlrol 
voltage level V, corresponding to a tuning capacitance value Cj. 

In iin alternate embodiment the uliliziition of a hysteresis characteristic built into a 
comparator circuit aids in maintaining phase lock. If a single fixed threshold V, is used, and a 

5 lock is aiieinpied during a iCEiipcraluic change, il is possible that a phase lock condition for the 

loop would not be obtainable. For example, if lock at 900 MHz is being attempted, the circuit 
hunts along one of the families of curves defined by various numbers of capacitors being 
switched into the circuit. The intersection of the vertical line extending through V, and the 
horizontal line extending from 900 MHz defines the point at which lock is desired. Using a 

10 well defined V„ has the problem that control voltage may be swept along a capacitance cur\'e 
and past the lock point without producing a lock. The process would then switch capacitimce 
in or out of the circuit causing a jump to a new cur\'e of the family lending to pass the lock point 
without locking the PLL. Hysteresis tends to force llie process to hunt along the presently 
selected cur\'c for a slightly longer time to ensure that the PLL locks while on the correct 

15 capacitance curve. 

FIG. 47d is a graph of a family of frequency verses control voltage for various capacitor 
values that illusuates the use of dual comparator windows to aid in achieving a frequency lock 
condition. The graph illustrates the sliding window of valid lock ranges provided by the design. 
A valid lock rajige for a low \'\^^ and a high V^j are shown. The voltage range of the window 

20 is constant. However, the starling and ending values of the window var>'. 

Once the fine, or narrow band PLL has been tuned such thai is has been locked its 
frequency may be used in conjunction with the frequency generated by ihc coarse PLL to 
provide channel tuning as previously described for the coarsc/finc PLL tuning of FIGS. 21 and 
22. 

25 

RECEIVER 

FIG. 48 is a block diagram of a first exemplar)' embodiment of a receiver. FIGS. 48, 
51, 52. 53 and 54 are embodiments of receivers that utilize band pass filters and image reject 
mixers to achieve image rejection that tend to reduce the distortion previously described. The 

30 embodiments advantageously convert an input signal ( 1 906 of FIGS. 1 9, 48, 5 1 , 52, 53 and 54) 
to a final IF frequency (1 9 1 4 of FIGS. 1948,51. 52, 53 and 54) by processing the input signal 
substantially as shov^ in FIG. 19. Image rejection is measured relative to the signal suength 
of the desired signal. The strength of the unwanted image frequency is measured in units of 
decibels below the desired carrier (dBJ. In the exemplary embodiments of the invention an 

35 image firequency rejection of 60 to 65 dB^ is required. In the embodiments of the invention this 
requirement has been split more or less equally among a series of cascaded filter banks and 
mixers following the filters. The filter banks 1912,1934 provide 30 lo 35 dB, image rejection 
and complex mixers 4802,4806 used provide an additional 30 to 35 dB, of image rejection 
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yielding an overall image rejection of 60 to 70 (IB. for the combination. The use of complex 
mixing, advantageously allows the rcjeclion requirements on the filters to be relaxed. First, a 
channel of an input spectrum is centered about a first IF frequency. 

FIG. 49 is an exemplar)' illustration of the frequency planning utilized in the 
embodiments of the invention for the reception of CATV signals. The frequency spectrum at 
the top of ihe figure- 4902 illustrates exemplary received RF signals ranging from 50 to 
860 MHz 4904. The received RF signals are applied to a band pass filter 492 1 lo eliminate out 
of band distortion products Imagel 4906. The frequency plan advantageously utilizes a trade 
off between image rejection achievable by fillers and mixers at different frequencies. The 
processing of the first IF and the second IF have many features in common and will be 
discussed together in the following paragraphs. 

For example, the second mixer 4802 and second bank of IF filters 4834 of FIG. 48 
achieve 35 dB and 35 dB of image rejection, respectively. The third mixer 4806 and the third 
IF filler bank 1936 of FIG. 48 achieve 25 dB and 40 dB of image rejection respectively. The 
last distribution reflects the fact that at the lower third IF frequency the Q of the filters tend to 
be lower, and the image rejection of the mixers tend to be improved at lower frequencies. 

For example, returning to FIG. 48, a signal 1906 m the 50 to 860 MHz range is up 
converted by mixer 1 9 1 6 and L02 1 908 lo 1 ,200 MHz IF- 1 1 9 1 8. The presence of LO-2 1 904 
at 9^5 MHz that is required to mix the signal lF-1 1918 down to the 275 MHz IF-2 1922 has 
image frcquencv lmaye2 (4908 as shown in FIG. 49) at 650 MHz. The filter Q ofihe 1 ,200 
MHz ccmer frequencv LC filter 1912 causes Image2 to undergo 35 dB of rejection thus, 
aucnuating it. To achieve 70 dB of image rejection another 35 dB of rejection must be provided 
by the second mixer (4702 of FIG. 48) that converts the signal from 1 ,200 MHz to 275 MHz. 

Continuing with FIG. 48, the same structure as described in the preceding paragraph is 
again encountered, but at a lower frequency for the second IF 4914. Image rejection of the 275 
MHz filter (1934 of FIG. 48) is less due to its lower Q and the fact that the image frequency 
lmage3 4912 is spaced only 88 MHz 4910 from the signal lF-2 4914. In the previous first IF 
stage the image frequency lmagc2 4908 was spaced 550 MHz 491 8 from the signal IF-1 49 16, 
providing better image attenuation by filter stop bands. In this situation 25 dB of selectivity can 
be achieved in the filter, requiring 40 dB of rejection in the mixer to achieve at least 65 dB of 

attenuation of Image3 . 

Phase matching at lower frequencies is more accurate allowing better image rejection 
10 be obtained from the third mixer. The method of trading off filter selectivity against mixer 
image rejection at different frequencies advantageously allows a receiver to successful integrate 
the filters on chip with the desired image frequency rejection. This process is described in detail 
in the following paragraphs. 
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1 Relurning to FIG. 48, it is desired to up convert a channel received in this band of 

signals 1906 to a channel centered at an inlermediaie frequency of 1 ,200 MHz 1918. A local 
oscillator 1908 produces frequencies from 1,250 MHz to 2060 MHz. i-or example, a channel 
centered al 50 MHz is mixed with the local oscillator set ai 1,250 MHz to produce first IF 

5 frequency coniponcnis 1918 al 1,200 Mi lzand K300 Mil/.. Only one oflhc two frequency 
coniponcnls containing identical information produced by the mixing process is needed; the low 
side 1,200 MHz component is kepi. Filtering 1912 tends to remove the unneeded high side 
component and other desired signals. 

Choosing the first IF 1918 to be centered at 1,200 MHz makes the first IF susceptible 

10 to interference from a range of first image frequencies from 2,450 MHz to 3,260 MHz (4906 
as shown in FIG. 49), depending upon the channel tuned. The lower image frequency of 
2,450 MHz results from the first IF of 1 ,200 MHz being added to the lowest first LO present 
at 1,250 MHz to yield 2,450 MHz. The highest image frequency results from the first IF of 
1 ,200 MHz being added to the highest first LO of 2,060 MHz to yield 3,260 MHz as the highest 

15 first image. Choosing the first IF 1918 at 1,200 MHz yields image frequencies (4906 of 
FIG. 49) that are well out of the band of the receiver. The result tends to place undesired 
frequencies far down on the filter skirts of fillers present in the receiver, attenuating them. 

Afier a channel is up conversion to a first IF 191 8 of 1 ,200 MHz, it is next filtered by 
a bank of 3 LC band pass filters 1912 each having its response centered al 1,200 MHz in the 

20 embodiment. These filters in conjunction with the second mixer 4802 provide 70 dB of image 
frequency rejection (4908 of FIG. 49). Fillers are adviuitagcously integrated onto the CMOS 
substrate, An LC filler comprises inductors (or coils) and capacitors. An inductor implemented 
on a CMOS subsu-alc tends to have a low Q. The low Q has the effect of reducing the 
selectivity and thus the attenuation of signals out of band. 

25 The attenuation of signals out of band can be increased by cascading one or more fillers. 

Cascading filters with identical response curves has the effect of increasing the selectivity, or 
further attenuating out of band signals. The embodiments of the invention advantageously 
incorporate active g„ stage fillers 1 912,1934 to increase selectivity and provide circuit gain to 
boost in band signal strength. Three cascaded active LC filters implemented on a CMOS 

30 substrate yield a satisfactory in band gain, and provide approximately 35 dB of out of band 
image signal rejection in the embodiment described. However, the filters need not be limited 
to active LC filters, other characteristics and passive fillers are contemplate equivalents. 

The remaining 3 5 dB of image frequency rejection needed must be achieved in the other 
circuitry. Hence, differential I/Q mixers 4802,4806 are advantageously used to achieve this 

35 approximate 35 dB of additional image rejection required in the first IF. 

FIG. 50 is a block diagram illustrating how image frequency cancellation is achieved 
in an I/Q mixer. An I/Q mixer is a device previously developed to achieve single side band 
signal transmission. It is one of three known methods for eliminating one of two side bands. 

-94- 



wo 00/72446 PCT/lJS00/14f,83 

1 This type of mixer is able lo transmit one signal while eliminating or canceling another signal. 

An 1/Q mixer advantageously possesses the properties of image frequency cancellation in 

addiiion lo frequency conversion. For exajnpic, returning to I'lG. 48, a second LO 1904 o! 

925 MHz is used to create the down conversion to a second IF 1922 of 275 MHz, while 
5 rejecting image frequencies from the previous frequency conversion by LO! 1 908. 

The l/Q mixers are implemented in several ways in the invention. However the overall 

function is maintained. An interconnection of components that achieves I/Q mixing is illustrated 

in the exemplar)' I/Q mixer 4802 shown in FIG. 48. 

First an input signal 1918 is input to a mixer assembly comprising two conventional 
10 mixers 4828, 4830 of either a differential (as shown) or single ended construction. 

Local osc illator signals 1904, that need not necessarily be buffered to achieve l/Q 

mixing, arc applied to each mixer. The local oscillator signals applied to each mixer are of the 

same frequency, but 90 degrees out of phase with each other. Thus, one signal is a sine function, 

and the other is a cosine at the local oscillator frequency. The 90 degree phase shift can be 
1 5 generated in the I/Q mixer or externally. In the circuit of FIG. 48 a conventional poly phase 

circuit 4832 provides the phase shift and splitting of a local oscillator signal generated by PLL2 

4806. 

Two IF signals, an I IF signal and a Q IF signal, are output from the mixers and fed into 
another conventional poly phase circuit 4834. The poly phase circuit outputs a single differential 

20 output IF signal. 

Returning to FIG. 50, the I/Q mixer uses two multipliers 5002,5004 and two phase shift 
networks 5006,5008 to implement a trigonometric identity that results in passing one signal and 
canceling the other. The trigonometric identity utilized is: 

25 cos(27if^t) cos(27ifLo,t) ± sin(27cfRFt) sin(27ifLo,t) 

= COS[2Tl(fRp.f,O,)0 . W 



30 



where f^p is an input signal 5010 



Tlo, is the first LO 5012 



The signals produced and blocks showing operations to create signal transformation of these 
signals to yield the desired final result is sho^^^l in FIG. 50. The process makes use of a 
hardware implementation of the trigonometric identities: 

35 sin (u) sin (v) = Vi (cos(u-v)-cos(u+v)] (9) 

and 

cos (u) cos (v) = V2 [cos(u-v)+cos(u+v)] ( ^ 0) 
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By applying these irigonomclric identities to the signals crealed by the two mixers, the product 
of the sine waves 5014 is: 



Vi |cos(27if, o,t - 27irH,:t) - cos(2Kf,,o.t + 2KfHKl)] (11) 

s 

and tlie product of the cosines 5016 is: 

'/: (C0S(2Kf, o,t - 2TlfKFt) + C0s(27lf, o,l + 2Kf,„.l)] (12) 

10 Thus, two frequencies arc created by each muhiphcaiion. Two of the frequencies have 

the sainc sign and frequency, so that when ihey are added lugelher 501 8 the resultant signal is 
a positive sum 5020. The other frequency created Cimcels itself out 5022. The sum frequency 
component created by the product of the sines is a negative quantity. The saine sum frequency 
component crealed by the niuhiplication of the cosines is positive and of equal magnitude. 

1 5 Thus, when these signals are added together one frequency component, the difference, that is 
present in each signal has twice the amplitude of the individual signals and the second, sum 
frequency created is of opposite polarity of the other signal created ajid cajicels out when the 
signals are added together, llius, the difference frequency is passed to the output while the sum 
frequency component is canceled. 

20 The implementation of this trigonometric identity by a circuit is very useful for 

canceling image frequencies. As shown in FIG. 4 signal, S and image signal I are equally 
.spaced by the IF frequency from the local oscillator frequency. The signal frequency would be 
represented by the term (2rJLoit - 2TifRpt) and the image frequency would be represented by 
(27tfLo,t + 27ifRj:t). In the embodiments of the invention, the phase shifting and summing 

25 functions arc performed utilizing standard polyphase or other circuits know^n in tlie an. 

Mathematically exact cancellation can be achieved. However, real circuit components 
are not able to achieve exact cancellation of the image frequency. Errors in phase occur in the 
circuitry. A phase error of 3** can yield an image frequency suppression of 3 1 .4 dB^ and a phase 
error of 4*" can yield an image frequency suppression of 28.9 dB^. These phase errors tend to 

30 be achievable in an integrated circuit on CMOS. To attempt to achieve the entire 70 dB, of 
image rejection tends to be undesirable, thus necessitating the fillers. For example, to achieve 
59 dBj of image frequency rejection a phase error tending to be of no more than 0.125** in the 
mixer would be allowable. 

By combining image frequency rejection achievable by an LC filter implemented in 

35 CMOS with an I/Q mixer's image rejection properties, properties that tend to be achievable in 
a CMOS integrated circuit, a required image frequency rejection is obtained. Additionally, the 
frequency of a first up conversion has been advantageously selected to place an image frequency 



-96- 



PCT/US00/14fi83 

WO 00/72446 

of a first LO well down Ihe filter skirts of a 1,200 MHz LC filter bank. tJms achieving the 
desired image frequency rejection 

Returning lo l-IG 48. buffer amplifiers 4810 are used .(. recondiuon the a.npluudcs ol 
LO signals 1908 1904.1930 that dnve thcl/Q portsofmixcrs4802.4K06. A distance of several 
millimeters across a chip from where LOs arc generated 4504,4506.450S.4502 to where ii ,s 
applied at the mi)cers 1916.4802.4806 tends to rcc|uirc reconditioning ol the slopes of the local 
oscillator signals. Buffering also lends to prevent loading of the PLLs 4504.4806. 

l-liminaiing any preselcciion filtermg requiring tunable band pass filters .s desirable. 
To do this image frequency response and local oscillator (LO) signals are set to fall ou.s.de of 
received signals bandwidth. The first signal conversion tends to eliminate any requirements 
for channel seleeliviiy |-iUering in the receiver front end. Because of the in.egrated circuit 
approach to ihis design i. is desirable to locate an LO outside of the signal bandwidth lo reduce 
distorlion created by the interaction of the received signals and the firs, local oscillator signals 
.^n approximately 35 dB of oui-of-band channel rejection in ihe first IF stage's filter 
1912 is insufficient. The additional 35 dB of selectivity provided by a mixer 4802 increases 
selecti vitv However, it is desirable to mix down a received signal as quickly as possible. This 
is desirable because at lower frequencies filters tend to have better selectivity than at the higher 
IF frequencies. By converting a received signal to as low a frequency as possible as quickly as 
possible better filtering tends .o be obtained. Two frequency down conversions are nex. 
performed. 

Filters arc available thai will aclucve a beiier rejection than an LC t.ltcr ai a given 
frequency for example a S.AW filter. WTiile better filtering of the intennediate frequencies 
could be obtained w.ih a filter such as a SAW filter at a higher frequency, a fully integrated 
receiver would not be achievable. A SAW filter is a piezoelectric device that converts an 
electrical signal to a mechanical vibration signal and then back lo an electncal signal. Fillenng 
is achieved through the interaction of signal transducers in the conversion process. A filter of 
this type is tvpically constructed on a zinc oxide (ZnO,). a material that is incompatible with 
integration on a CMOS circuit utilizing a silicon (Si) substrate. However in alternative 
embodiments of the invention. SAW or other filter types known in the art including external 
LC filters are contemplate embodiments. In particular, a hybrid construction utilizing receiver 
integrated circuit bonded to a hybrid substrate and filters disposed on the substrate is 
contemplated. 

Returning to the frequency plan of FIG. 49, there is an image response (Image2) 4908 
associated wiA the second local oscillator signal (LO,) 4920. Returning to the embodiment of 
FIG 48. this Imaee2 signal occurs at f,o, - f,r: = 925 MHz - 275 MHz. which is 650 MHz. If 
there is a signal of 650 MHz at the receiver's input 4808 it is possible that a 650 MHz signal 
will be mixed downtothesecondlFfrequency(lF,)(l922ofFlG.48)causin6 interference with 

the desired received signal which is now located at the second IF frequency. To reduce 
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1 interference from this signal the receiver has been designed to produce greater than 65 dB of 
rejection orimage2 by the mechanism previously described for the 1,200 MHz LC fiUer bank 
1912 ofFIG. 48. 

Returning to FIG. 48, the third IF is next generated. I'he third LO 1930 is created by 

5 direct synthesis. The divide by '1 block 4802 creates a 231 MMz ihiul LO (LO3) consisting of 
I and Q signals required to mix the 275 MHz second IF 1922 down to the third and final IF 
frequency of 44 MHz 1926. A second down conversion to the 275 MHz third IF is used in the 
design. If a 1,200 MHz first IF signal were down converted directly to 44 MHz a local 
oscillaior signal of 1 156 MHz (1,200 MHz - 44 MHz) would be required. A resulting image 

10 frequency for this local oscillator would be at 1,1 12 MHz (.1,200 MHz - 88 MHz). A 1,1 12 
Mi Iz image would fall within the band of the 1 ,200 MHz LC filler. Thus, there would be no 
rejection of this image frequency from the first IF's filter since it falls in the pass hand. 
Therefore, the intermediate frequency conversion to a second IF of 275 MHz is used 10 reduce 
the effects of the problem. 

1 5 The 23 1 MHz third LO 1 936 falls close to the center of tlie received signal band width 

1906. With the three frequency conversions of the design the third LO necessarily falls within 
the received signal band. This is undesirable from a design standpoint. This is because any 
spurious responses created by a third local oscillator signal fall within the received signal 
bandwidth. The present embodiment of this invention advantageously minimizes these 

20 undesirable effects. 

In generating the third LO signal of 23 1 MHz, typically a phase lock loop containing a 
voltage controlled oscillator would be used. However, these frequency components tend to be 
primary generators of spurious products that tend to be problematic. The present embodiments 
of the invention advantageously avoids the use of a PLL and the attendant VCO in producing 

25 the third LO signal 1930 at 231 MHz. A divide by 4 circuit 4802 utilizes two flip-flops that 
create the I and Q third LO signals 1930 from the 925 MHz second LO 1904. This simple 
direct synthesis of the third LO lends to produce a clean signal. The reduced generation of 
distortion within the signal band lends to be important in an integrated circuit design where all 
components are in close physical proximity. If a PLL were used to generate the 23 1 MHz signal 

30 an external loop filter for the PLL would be utilized, providing another possible path for noise 
injection. By elegantly generating this third LO, that necessarily falls within the received signal 
bandwidth, noise and interference injection through the substrate into the received signal path 
tends to be minimized. 

LC filter tuning 4812,4814,4816 in the embodiment is advantageously performed at 

35 startup of the chip. A "1,200 MHz filter tuning" circuit 4812 tunes the 1,200 MHz low pass 
filters 1912; a "275 MHz filter tuning" circuit 4814 tunes the 275 MHz low pass filter 1934; 
and a 'M4/36 MHz filter tuning" circuit 4816 alternatively tunes a final LC filter 1936 to one 
of two possible third IF frequencies (44 MHz or 36 MHz) dependirig upon the application. 
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Allemati vely, in lliis embodiment, the filtering of the third IF frequencies Is done by an external 
filler 4818. This external filter may have a saw device or other type of filler that provides 
saiisfaciory filtering of the third IF frequency. 

In an embodiment an intermediate frequency automatic gain control amplifier ("IF 
AGC") 3419 is used lo provide a nearly constant IF frequency signal level to II' signal 
processing/demodulating circuitry (3416 of FIG. 34). 

Often the signal level variations being compensated for by the IF AGC are created by 
improperly tuned filters. The on chip filter tuning utilizing one or more existing PLL signals 
tends to reduce signal level viirialions. 

As previously described, the filler tuning circuits 48 1 2,48 1 4,481 6 utilize tuning signals 
based on the PLL2 signal 4806, with the "44/36 MHz filler tuning" circuit utilising the FLL2 
frequency divided by four 4802. However, the tuning signals selected may vary. Any or all of 
the PLLs 4804,4806,4802 or reference oscillator 4808 may be used to generate a filter tuning 
signal. Also a single frequency can be used lo tune all filters with ihe appropriate frequency 
scaling applied. In tuning the LC filters, first the chip is turned on and PLL2 4806 must lock. 
PLL2 must first lock at 925 MHz as previously described. A VCO in the PLL 4806 is centered 
by adjusting its resonani circuit with tunable capacitors as previously described. 

Once ihe PLL2 is adjusted to 925 MHz a write signal is sent out lo indicate that a stable 
reference for filler tuning is available. Once a stable 925 MHz reference for tuning is available 
the K200 MHz filter, the 275 MHz filter tuning previously described takes place. Once the 
filler tuning is finished the filter tuning circuitr\' sends out a signal over aii internal control bus 
structure, linking llic receiver lo a conlroiler indicating thai the tuning has finished. The 
receiver is now ready to select and tune a channel. 

Frequency tuning of received channels is accomplished in the embodiment with a coarse 
and fine PLL adjustment as previously described. The tuning is performed in such a way that 
there is always a third IF present at the output during the tuning process. PLLl 4804 is the 
coarse tuning PLL that tunes in 1 0 MHz steps. PLL2 4806 is the fine tuning PLL thai tunes in 
100 KHz steps. Exemplary tuning steps can be made as small as 25 KHz. A 100 kHz step is 
used for QAM modulation, and a 25 KHz step is used for NTSC modulation. 

At the input of the tuner each exemplar)' channel is separated by 6 MHz. PLLl jumps 
in tuning steps of 1 0 MHz, Therefore, + or - 4 MHz is the maximum tuning error. If the filters 
used had a narrow band pass characteristic this tuning approach lends to become less desirable. 
For example, if the filter bandwidth was one channel, 6 MHz, wide and the first IF could be 
1204 MHz or 1 196 MHz. Thus, the selected channel would not be tuned. The bandwidth of 
the cascaded filters in the first IF strip is approximately 260 MHz. The bandwidth of the filters 
centered at 275 MHz in the second IF strip is approximately 50 MHz. The bandwidths are set 
lo be several channels wide, a characteristic thai advantageously takes advantage of the low Q 
in the LC filters built on the chip. The two PLLs guarantee that a third IF output is always 
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1 obtained. The first PLL thai tunes coarsely must tune from 1,250 to 2,060 MHz, a wide 
handwidth. PLL2, the fine tuning PLL, must tune from + to - 4 MHz, which tends to be easier 
10 implement, 

FIG. 5) shows a second exemplary embodiment of the invention. This embodiment is 

5 similar lo ihc embodiment of FIG. 48, however it climinalcs the first 11^^ reject mixer (4802 of 
FIG. 48). The approximately 35 dD of image rejection that has been eliminated due to the 
removal of the IK reject mixer is made up by increased fiher rejection provided by a 1 ,200 MHz 
LC filler bank 5101. The IR reject mixer is replaced with a conventional differential mixer 
5)04. llie 10 required is a single differcnlial LO signal. 5 1 06 rather lluin the differential I and 

10 Q signals previously described. Better fillers are used or alternatively an additional scries of 
three 1,200 MHz LC fillers 1912 for a loiaJ of six cascaded fillers 5101 to provide sufficicni 
image rejection are provided, fhis design provides the advajitagc of being simpler to 
implemeni on an integrated circuit. 

If a higher Q or belter filler selectivity is realized on the integrated circuit 65 dB of 

1 5 image frequency rejection at 650 MHz is required. In an altemaie embodiment of the invention 
the third down conversion can be accomplished in a similar manner by eliminating the third 1/Q 
mixer 4806 and increasing the selectivity of the 275 MHz filler bank 5102. The mixer 4806 is 
replaced with a conventional mixer requiring only a single differential third LO. 

FIG. 52 shows a third alternate embodiment of the invention that lends to provide 

20 continuous tuning of the filter over temperature, and lends to more accurately keeps the 
response cui^-c of the filler centered on the desired frequenc)'. This cmbodimcni of the 
invention preserves the sepiuation of 1 5202 and Q 5204 signals through ihc second IF stage 
5206. in the third frequency conversion stage 5208 the I and Q signals are transformed into \\ 
1 , Q, and Q signals. This alternate embodiment of the invention relies on a "three-stage poly 

25 phase" 5210 to provide image cancellation. The advantage of using a gyrator in place of dual 
LC filter bank 5212 is that a close relationship between I and Q tends to be maintained 
throughout the circuit. The phase relationship at the output of the gyrator filter tends to be very 
close to 90^ If an LC filter is utilized there is no cross-coupling to maintain the phase 
relationship as in the gyrator. In the LC filter configuration complete reliance upon phase and 

30 amplitude matching is relied upon to maintain the 1 and Q signal integrit>'. The gyrator circuit 
has the additional advantage of tending to improve the phase relationship of signals initially 
presented to it that are not exactly in quadrature phase. For example, an I signal that is initially 
presented to the gyrator that is 80° out of phase with its Q component has the phase relation 
continuously improved throughout the gyrator such that when the signals exit the gyrator 

35 quadrature phase of 90* tends to be established between the I and Q signals, such as in a 
polyphase circuit element. This present embodiment of the invention provides the additional 
benefit of being easily integrated onto a CMOS substrate since the gyrator eliminates the 
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inductors that an LC filter would require. Filter timing and frequency generation utilize the 
methods previously described. 

FIG 53 is a block diagram of an exemplao' CATV tuner that incorporates an 
embodiment of tl>e present invention. The exemplao' embodiments of the receiver are for 
terrestrial and cable television reception of signals from 50 to 860 MM/.. Televs.on s.gnals m 
this excn.phirv band iirc frequency QAM or NTSC modulated signals. A receiver as described 
performs equally well in receiv.ng d.gital or analog signals. Mowever, il is to be understood 
that the recover atchitcciure disclosed will function equally well regardless of the frequences 
used the type of transmission, or the type of signal being transm.lled. With regard to signal 
levels input to the receiver, the dynamic range of the devices used in the receiver may be 
adjusted accordingly. Thus, in a wide-band receiver distortion products are particularly 
problematic. The receiver disclosed in the exemplary embodiments of the presem mvcmion 
tends to advantageouslv reduces interference problems created by this type of distortion. 

In the exemplary embodiments of the invention signals input to the receiver may range 
from +10 to +15 dB„. Where, zero dB„ = 10 log(l mV/1 mV). It should be noted that in the 
case of a cable transmitting the RF signals, that an attenuation envelope impressed on the 
signals will have a downward or negative slope. This downward or negative slope is a result 
of a low pass filler characteristic of the coaxial cable. This effect may be compensated for by 
introducing a gam element in the signal chain that has positive slope, to compensate for the 
neuaiive slope resulting from cable transmission. 

In a wide band receiver designed to process signals received over multiple octaves of 
band width this transmission characteri.stic can present a problem. For example, in the cable 
television band going from 50 to 860 MHz u is possible for distortion products created by the 
lower frequency signals in this band width to fall upon one of the higher tuned frequences, for 
example 860 MHz. In a multi octave band-width receiver harmonic signals are problematic 
since they also fall within the receiver band-width, and camiot be low pass filtered out. If a 
cham^el at one of the higher frequencies is the desired signal that the receiver is tuned to. the 
low pass filter characteristic of the cable, or transmission medium, reduces the strength of this 
desired tuned signal relative to the lower frequency untuned signals. Because of the relatively 
greater strength of the lower frequency signal, the strength of the distortion products generated 
by them, are comparable in strength to the desired ttmed signal. Thus, these distortion products 

can cause a great deal of interference with the desired received signal when one of their 
hamonics coincidentally occurs at the same frequency as the tuned signal. 

The frequency plan of this tuner allows it to be implemented in a single CMOS 
integratedcircuit 4822 and fanctionsas previously described in FIG. 48. Thisexemplary single 
up-conversion dual down conversion CATV tuner utilizes two PLLs that run off of a common 
10 MHz crystal oscillator 5302. From the 10 MHz crystal oscillator references the PLLs 
generate tv.o local oscillator signals that are used to mix down a received radio frequency to an 
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1 inlermediaie frequency. This integralcd CATV tuner advantageously uses differentia! signals 
throughout its architecture to achieve superior noise rejection and reduced phase noise. The 
receiver of the presenl invention advantageously provides channel selectivity and image 
rejection on the chip to minimize the noise injected into the received signal path. The 
5 differential configuration also lends lo suppress noise generated on the CMOS substrate as well 
as external noise that is radiated into the differential leads of the 10 MHz crystal that connect 
it to the substrate. In this embodiment, an external front end as previously described is supplied 
on a separate chip 5304 and an external filler 5306 is utilized. 

The details of integrated tuners are disclosed in more detail in U.S. Patent Application 
10 No. 09/439,101 filed November 12, 1999 (0600:33756) entitled "Fully Integrated Tuner 
Architecture" by Pieler Vorenkamp, Klaas Bull, Frank Carr, Christopher M. Ward. Ralph 
Duncan, Tom W. Kvvan, James Y.C. Chang and Haideh Khorramabadi; based on U.S. 
Provisional Application No. 60/108,459 fded November 12, 1998 (8600:33586), the subject 
mailer of which is incorporated in ihis application in its entirely by reference. 

15 

TELEPHONY OVER CABLE EN'fBODIMENT 

FIG.54 is a block diagram of a low power embodiment of the receiver that has been 
configured to receive cable telephony signals, lliese ser\'ices among other cable services 
offered make use of RF receivers. A cable telephone receiver converts an RF signals present 

20 on the cable to a baseband signal suitable for processing to an audio, or other type of signal 
routed to a telephone system and a subscriber \'ia two way transmission. When such ser\'ices 
arc widely offered, and are packaged into a common device, per unit cost and power dissipation 
lend to become concerns. It is desirable to provide a low cost and power efficient receiver. 
Receivers integrated onto a single chip that incorporates filters on the chip reduce cost. 

25 However, placing filters onto a an integrated circuit results in a high power consumption by the 
chip. On chip filters require tuning circuitry that tends to consume significant amounts of 
power. Removal of this circuitry' allows reduction of power levels to below 2 Walts per 
receiver. Each time that a signal is routed off of an integrated circuit the chances of increasing 
system noise are increased due to the susceptibility of the external connections to the pick up 

30 of noise. Careful signal routing and the proper frequency planning of the present embodiment 
are calculated to reduce these undesired effects. 

First, an input signal is passed through an RF front end chip 5304 as previously 
described. The first frequency up conversion to the first IF 5402 is performed on the integrated 
receiver chip. After passing a 50-860 MHz signal llirough a receiver front end 5304 that 

35 provides a differential output to the receiver chip 5404 the signal is down converted to 1 ,220 
MHz 5402. The 1 ,270 to 2,080 MHz LO 5406 is generated on chip by a first PLL circuit, PLL 1 
5408. The 1 220 MHz differential signal is passed through buffer amplifiers 54 1 0 and is applied 
to an off chip differential signal filler 5412, with a center frequency at 1,220 MHz having a 
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1 characteristic impedance of 200 Ohms. The differential signal tends lo provide the necessao' 
noise rejection when routing the signal off and subsequently back onto the chip. Next the signal 
is routed back on to the integrated circuit 5404 where it is again passed through a send buffer 
amplifier 5414. 

5 The second frequency down conversion to the second IF 5416 is pcrfurnicd on ihe 

integrated receiver chip. An 1,176 MHz differential I and Q LO 5418 is generated on ihe 
integrated circuit by a second PLL. Pi.L2 5420 and polyphase 5422. The resulting second IF 
frequency 5616 is 44 MHz. The mixer used to generate the second IF is an 1/Q type mixer 5424 
that subsequently passes the signal through a polyphase circuit 5426. The second IF is then 

1 0 passed through a third buffer amplifier 5428. The signal is next routed off chip lo a differential 
filter centered at 44 MHz 5430. After filtering the signal is returned to the mlegraied circuit 
where it undergoes amplification by a variable gain amplifier 5432. 

Variable gain amplifier ("VGA") 5432 utilizes cross coupled differential pairs as 
described in FIG. 74. 'I'he improved dynamic range of the VGA compensates for increased 

1 5 variations in signal amplitude caused by inregularities in the external differential filter 5430. By 
operating satisfactorily over a wide dynamic range of input signal levels the filter requirements 
may be relaxed, allowing for a more economical receiver to be constmcted. 

The details of a low power receiver design are disclosed in more detail in U.S. Patent 
Application No. 09/439.102 filed November 12, 1999 (8600:36232) emitlcd ''System and 

20 Method for Providing a Low Power Receiver Design" by Frank Carr and Pieter Vorenkamp; 
based on U.S. Provisional Application No. 60/1 59,726 filed October 15,1 999 (B600:34672j, 
the subject of which is incorporated in this application in its entirety by reference. 

ELECTRONIC CIRCUITS INCORPORATING EMBODIMENTS OF THE RECEIVER 
25 FIG. 55 shows a set top box 5502 used in receiving cable television (CATV) signals. 

These boxes typically incorporate a receiver 5504 and a descrambling unit 5506 to allow the 
subscriber to receive premium programming. Additionally, on a pay for view basis subscribers 
can order programming through their set top boxes. This function additionally requires 
modulation circuity and a radio frequency transmitter to transmit the signal over the CATV 
30 network 5508. 

Set top boxes can, depending on the nature of the network, provide other services as 
well. These devices include, IP telephones, digital set-lop cards that fit into PCs, modems that 
hook up to PCs, Internet TVs, and video conferencing systems. 

The set-lop box is the device that interfaces subscribers with the network and lets them 
35 execute the applications that reside on the network. Other devices in the home that may 
eventually connect with the network include IP telephones, digital set-top cards that fit into PCs, 
modems that hook up lo PCs, Internet TVs, and video conferencing systems. 
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i To satisfaclorily provide digital services requiring high bandwidth, set top boxes must 

provide a easy to use interface between the user and CATV provider. Memor>' 5510 and 
graphics driven by a CPU 5512 tend to make the application as appealing as possible to a user 
when interfaced with a sci lop box 5514. 

5 Also the set-lop can receive data in Internet Protocol formal and has an IP address 

assigned to il. Also, salisfactoiy methods ofhandling reverse path communications are required 
to provide interactive digital services. All of these services utilize an operating system resident 
in the set top box 5502 for providing a user interface and communicating with the head end 
5514 where the services arc provided. 

10 To receive scn'iccs, and transmit requests for ser\'ice, bidirectionally across a CATV 

network the data signal must be rnodulaicd on a RT carrier signal. The set top box is a 
convenient place to modulate the ciirrier for transmission, or to convert the modulated carrier 
to a base band signal for use at the user's location. 

This is accomplished with a radio frequency (R-F) transmiUer and receiver, commonly 

1 5 referred to in combination as a transceiver 5508. A bidirectional signal from a cable head end 
55 14 is iransmitled over a cable network that comprises cable and wireless data transmission. 
At the subscriber's location a signal 3406 is received an input to the subscriber's set top box 
5502. The signal 3406 is input to a set top box iransceiver 5504. The set top box transceiver 
5504 comprises one or more receiver and transmitter circuits. The receiver circuits utilized are 

20 constructed according to an embodiment of the invention. From the set top box transceiver, 
received data is pa^ssed lo a decr>'ption box 5506. If the television signal has been encr>'pted, 
this box performs a nccessan' descrmnbling operation on the signal. After being passed through 
the decr>'ption box, the signal next is presented lo a set top box decoder 3416 where the signal 
is demodulated inlo audio and video outputs 3414. The set top box incorporates a CPU 5512 

25 with graphics capabilities and a memory 55 1 0 lo provide an interface and control the set top box 
through a data transfer structure 55 14. An optional input output capability 55 1 6 is provided for 
a direct user interface with the set top box. To transmit instructions from the user lo the head 
end, information is transmitted over data transfer structure 55 1 4 into the transceiver module to 
the internal transmitter via the cable TV network to the head end. 

30 FIG. 56 is an illustration of the integrated television receiver 5602. This television 

could be one that processes digital or analog broadcast signals 5604. Aji exemplary integrated 
switchless attenuator and low noise amplifier 3408 is the first stage in a receiver contained in 
a television set. The integrated switchless attenuator and low noise amplifier is used as a "front 
end" of the receiver to adjust the amplitude of the incoming signal. Incoming television signals 

35 whether received from a cable or antenna vary widely in strength, from received channel to 
channel. Differences in signal strength are due to losses in the transmission path, distance from 
the transmitter, or head end, obstructions in the signal path, among others. 
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The front end adjusts the received signal level to an optimum value. A signal that is too 
strong produces distortion in the subsequent circuito' hy over driving it into a non linear 
operating region. A signal .hat is too week will be lost in the noise Ooor when subsequent h.gh 
noise figure circuitry is used at m attempt to boos, the signal strength. When used m 
conjunction with "autotiiatic level control" (5604)circuito' the i.itegrated swuchless attenuator 
^d low noise aniplif.er responds .a a generated feed b.ck signal input .o its control voltage 
terminal to adjust the input signal level lo provide optimum pcrfonnance. 

After passing through the front end 3408, the RF signals 5604 are input to tuner 5620. 
This tuner circuit is as described in the previous embodiments where a single channel is selected 
from a variety of channels presented in the input signal 3604. An automatic fine tunmg crcuit 
('■AFP') 46^^ IS provided to adjust the level of .he fmal IF signal 5624 bemg ou.pu. lo .he 
television signal processing circuitry 5610. The signal processing circuito' splits the audio 
signal 5602 offof the final IF signal 5624 and outputs it to an audio output circuit such as an 
amplifier and then to a speaker 561 8. The video signal split from IF signal 5624 is delivered 
via video signal 5606 to video processing circuitry 56 1 2. Mere the analog or digital video signal 
is processed for application as control signals to the circuitr)- 5614 that controls the generation 
of an image on a display device 5626. Such a receiver would typically be contained in a 
television set, a set top box. a VCR, a cable modem, or any kind of .uner arrangement. 

FIG 57 ,s a block diagram of a VCR dia. incorporates an integrated receiver 
embodiment 5702 in its circuitry. VCRs are manufactured with connections that allow 
reception and conversion of a television broadcast s.gnal 5704 to a v ideo signal .-.706. The 
broadcast signals are demodulated 5708 in the VCR and recorded 5710 on a recording media 
such as a tape, or output as a video signal directly. VCRs are a conunodity item. Cost pressures 
require economical high performance circuito' for these units to provide additional more 
features as the prices decline in the marketplace. 

FIG 58 shows a block diagram of a typical cable modem. A "Cable Modem" is a device 
that allows high speed data connection (such as to the Internet) via a cable TV (CATV) network 
5812. A cable modem commonly has two coiutections. one to the cable TV wall outlet 5802 
and the other to a computer 5804. 

There are several methods for connecting cable modems to computers, Ethernet 
1 OBaseT is an example. The coax cable 5808 connects to the cable modem 5806. which in turn 
connects lo an Ethernet card 5814 in a PC. The fanction of the cable modem is to connect 
broadband (i.e.. the cable television network) to Ethernet, Once the Ethernet card has been 
installed the TCPAP software is typically used to manage the connection. 

On-line access through cable modems allows PC users to download information at a 
speeds approximately 1.000 times faster than with telephone modems. Cable modem speeds 
range from 500Kbps to 10Mbps. Typically, a cable modem sends and receives data in two 
slightly different, or asynchronous fashions. 
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1 Data transmitted downstream, to the user, is digital data modulated onto a typical 6 MHz 

channel on a television carrier, between 42 MHz and 750 MHz. Two possible modulation 
techniques arc QPSK (allowing data transmission of up to 10 Mbps) and QAM64 (allowing 
data transmission of up to 36 Mbps). The data signal can be placed in a 6MHzchannel adjacent 

5 to an existing TV signals without disturbing the cable television video signals. 

The upstream channel to the ISP provider is transmitted at a rate between 5 and 40 MHz. 
This transmission path tends to inject more noise than llie downstream path. Due to this 
problem, QPSK or a similar modulation scheme in the upstream direction is desirable due to 
noise immunity above that available in other modulation schemes. However, QPSK is "slower" 

10 than QAM. 

Cable modems can be configured to mcorporate many desirable features in addition to 
high speed. Cable modems can be configured to include, but arc not limited to, a modem, a 
tuner 5816, an encr>'ptionydecryption device, a bridge, a router, a NIC card, SNMP agent, and 
an Ethernet hub. 

1 5 To transmit and receive the data onto the cable television channel it must be modulated 

and demodulated respectively. This is accomplished with a radio frequency (RF) transmitter 

and receiver, con\monIy referred to in combination as a transceiver 581 8. The receiver's front 
end 5820 is advantageously provided as previously described. 

20 ESD PROTECTION 

FIG. 59 is an illustration of a typical mtegrated circuit die layout. An IC die 5900 is 
typically laid out witii a series of pads 5904 at the edge of the die. This peripheral area of the 
die is referred to as the pad ring 5906. Typically at the center of the die a core 5902 is located. 
The core contains the circuit functions being performed on the integrated circuit die 5900. An 

25 integrated circuit die is typically placed inside of an IC package or "header". The IC package 
provides a mechanically sturdy package to protect the die 5900 and interface reliably with 
external circuitry. The pads 5904 in the pad ring 5906 are typically wire bonded to pins fixed 
in the header. Arranging pads 5904 in a peripheral pad ring 5906 allows for ease in an 
automated wire bonding from header pins to the pads of the die 5900. 

30 Thus, on an IC die 5900, typically configured as shown in FIG. 59, the pads 5904 

located in the pad ring 5906 are an intermediate connection between the circuit core 5902 aiid 
outside connections on the IC package. 

The pad ring of an integrated circuit die typically provides a convenient place to provide 
electrostatic discharge (''ESD'') protection circuitry. ESD discharge occurs when static build-up 

35 of electrical charge occurs. A static charge build-up typically comprises a high voltage until 
discharged. A static charge built up upon a surface will jump, or arc, to another surface of 
lower potential once the voltage difference between the surfaces exceeds a spark gap voltage 
for a dielectric, that separates the two surfaces. Spark gap voltages are typically rated in volts 
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I per inch. This is the voltage required to arc from one surface to another, located one inch away 
from each other with a given material present between the surfaces. For a given separating 
material a charge will arc from one surface to the other for a lower value of poicuiial if the 
surfaces are moved closer together, in integrated circuits distances between conductors or 

5 devices present on im integrated circuit tend to decrease as the degree of minialuriziiuon 
increases. 'I hus, eleclroslalic discharge from one surface to another within an integrated circuit 
lends to occur at smaller voltages as tiie stale of the art advances. 

FSD is u major source of integrated circuit damage. After a charge builds up to a point 
where it arcs from one surface to another, the arcing causes damage to the integrated circuit. 

) 0 Typical damage comprises holes punched in a substrate and destruction of transistors in the core 
5902. 

FSD protection is typically provided by a device that provides a low impedance 
discharge path from an IC pin to all other pins including ground when an ESD charge exceeds 
a predesigned threshold voltage of the protection device. During normal operation of the circuit 

15 the ESD device does not cause a loading at the IC pin. Better ESD protection tends to be 
produced when a lower trigger threshold is provided in the ESD protection circuit. 
(ESD circuits provide a low impedance discharge patli from any pin of an integrated circuit to 
ajiy other pin once an ESD triggers a given threshold designed into an ESD circuit). Thus, to 
protect integrated circuits from ESD signal isolahon from pm lo pin is undesirable. To 

20 withsljmd an ESD event, large structures with sufficient spacing lend lo provide increased ESD 
protection. 

However, from a signal isolation prospective, it is desirable to have a high signal 
isolation between integrated circuits pins. Isolation between pins is particularly desirable in RF 
integrated circuits. To function properly, circuits tend to require power supply Hnes, ground 

25 lines and signal lines that are isolated. ESD circuito' conflictingly tends lo require all pins to 
be interconnected somehow. Furthermore, RF IC's tend lo need small structures in order lo 
enhance bandwidth and reduce noise. This requirement is conlradiclory to an ESD's circuits 
requirement for structures that handle large currents. 

An increasing trend in integrated circuit design is to mix high speed and/or high 

30 frequency circuitry with high digital circuits. Digital circuits lend to generate high noise levels 
within an IC. Digital circuit noise tends to interfere with other circuit functions present on the 
die. The individual circuits present on the die are often designed in blocks that define a given 
area on the die substrate. These circuit blocks containing sensitive circuitry are shielded as 
much as possible from the digital circuitry. 

35 A common technique to minimize noise injection is to put different circuit blocks on 

separate power and ground lines. Sensitive circuits in this arrangement are placed as far as 
possible from noisy circuitry. While this arrangement tends lo improve power supply and 
ground isolation, ESD discharge problems tend to be aggravated. 
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1 During ESD discharge a current flows from one to point to another through path of Icasl 

resistance. If a path is not present, or inadequate, parasilic discharge paths tend to form causing 
damage lo the inlcgralcd circuit. Thus, circuilo' separated by large distances lo minimize cross 
talk aiid noise injection tend lo be susceptible to damage from ESD discharge over parasitic 

5 paths. 

For example, for a noise sensitive mixed mode !C fabricated by a CMOS technology, 
a non-cpilaxial process is preferred due to the processes ability to provide a higher substrate 
isolation. However, the non-epitaxial CMOS process lends to create undesirable ESD discharge 
paths due to a triggering of a parasitic bipolar structure inherent with the process. These 

1 0 discharge paths lend lo pass through and damage core circuitr)'. Thus, it is desirable to provide 
a structure thai tends to control ESD discharge paths. 

From ail ESD design siandpoinl, large ESD structures provide belter protection than a 
smaller structure. However, in noise sensitive circuits, the large ESD structures connected lo 
the circuitr}' tend to act as noise sources, degrading circuit performance. Thus insertion of ESD 

1 5 struclures in noise sensitive circuits must be done with care. 

FIG. 60 illustrates an embodiment of the invention that utilizes pad ring power and 
ground busses. A pad ring buss utilizes a reference VDD 6002 and a reference ground ring 
6004 that run through the entire pad ring of a die along the exterior edge of the die. In an 
embodiment, ihe pads 5904 along an edge of the die :u-e anangcd in line. In an alternate 

20 embodiment, the pads 5904 may be staggered along the edge of the die 5900. 

The reference VDD rings ajid reference- ground rings ser\'e to connect a series of 
localized power domains contained in the core 5902 of the die. Because of the block structure 
making up individual circuit functions within the core comprise localized power domains they 
connect lo a primary power bus in the pad rings. The pad rings 6002, 6004 may be broken 6006 

25 to prevent the fomiaiion of a current loop causing eddy currents. The pad rings are connected 
lo individual power domains within the circuit through ESD discharge protection structures. 

FIG. 61 is an illustration of the connection of a series of power domains 6102, 6104, 
6106 to a pad ring bus structure 6002, 6004. On die 5900 pad rings 6002, 6004 are disposed 
about the periphery of an integrated circuit. The pad rings are provided with a gap 6006. The 

30 pad rings surround an integrated circuit core 5902 that comprises one or more circuit blocks 
6102, 6104, 6106. Within each block a localized power and ground bus structure is provided 
for each block 6110, 61 12, 6114 respectively. ESD discharge protection devices 6108 are 
utilized to prevent electrostatic discharge damage. 

The localized bus structures 6110, 61 12, 61 14 are connected through ESD discharge 

35 protection devices to the pad rings at a single point. In this structure, no localized power supply 
or ground line is more than two ESD structures away in potential drop from any other voltage 
or ground structure. 
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FIG 62 is an illustration of an embodiment utilizing an ESD ground ring 6200. In the 
embodiment shown a se, oflocalized power and ground buses 6110. 6.12 61 14 are located 
ra 1 r^ponding circuit function blocks 6102, 6104. 6.06. It .s understood that the loca zed 

:Xound^.ssesmayco^ta.nmu.tiplepower.d ground li^^^^^ 
„ explana ion a sing.c power supply line and ground l.n. w.l. be d.scusscd 1. .s a. o 
r od tha, a„v number of crcuh funcuon blocks .nay be utihzed ,n ,he crcuU .0 prov. 
:,"pro.ecuon.Thec,rcuUfuncuonblocksarcpr.cc.d.ro^^^^^^^^^^ 
cround ruie 6200 coupled to a scries of ESD protection devices 6204, 6108. 
' Fa!h of the .oealized power and ground busses bc.ng pro.ected is cont.gurcd as u, 
circuit fiinction block 6.02. The intcrconncc.ions ,n cucui, block 6102 w... be discussed as a 
ITel ative exan.ple of a., connecuons. .^ discharge pad, .or power supply ines is hroug 
SD pro.cuon device 61 OB coupled between a local power line VDDl and a local groun 
ne GNDl The ESD ground ring and ESD protection devices provide isolation etween U.e 
aX-<^eroundw.dun.hecircui,b,ocks6102.6104.6,06.Thes™^^^^ 
:;;Dd.schargepathbetweenanyvo.Ugebus.meeon.ainedinanothercircu..fluKtionbl^ 

"''Tlgrounds61.0.6112.6.H.e coupled .rough ..ESD.^ps>ru.^^^^^^^^^^^^^ 
,he ESD ground ring. To prevent eddy currents from foin^ing. a gap 6006 ,s cut m the E D 
ouTri g 6200. A bond pad 6202 coupled to the ESD ground 6200 is provided to couple the 
SD oundtoasystem ground. CouplinganESDgroundtoasystemgroundte^^^^^^^^^^^^ 

noise that tends to be coupled through the ESD ground nng into the circuU core .90.. 

each ccuit function block all individual grounds Gnd, Gnd2 Gnd3 are connec 
.0 the ESD ground nng through a pair of an.i-paral.e. diodes 6204. .n addition to an,, parai.e 
diod s othe ESD triggered protection devices may be equivalently utilized. Thus, with th 
^:^L^^^ ground in any circuit blocU is only two diode PO-.al • rops ( 
plima,ely0.6ofavoltforasilicondiode)awayfromanyotherground.n^^^ 
'' Ln implemented in a CMOS technology the substrate is conductive, n CMOS 
technology the g ound lines in each block are inherently coupled to each other through ^ 
subt ate By going through the ESD ground ring the localized grounds ten to be loo e. 
oup eTto e c other through a,e pair of anti-para.lcl diodes. Because of loose coup.mg 
beIentLubstra.eandESDgroundring.noisccoup.ingbetwcenthevar.ousground^ 

"'^t:rDDlinesineachblockarecomplete,iso,atedfromeachother.T.eESDc.^^^^ 

6,08 between the VDD and ground lines in the circuit block tend to prov.de a complete 

schrP^ leVDD buslines. When an ESDevcnto^^ 
block sees a low impedance path through two diodes and two ESD Camps to the VDD bus of 
another circuit block. 
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I RF and high speed signals present unique problems to providing ESD protection. Noise 

is typically injected in a circuit through the circuit's power supply and ground leads. Good high 
impedance RF isolation of noise sources from an RF signal while providing a low impedance 
ESD discharge path is provided by circuilo' comprising an BSD pad ring. The embodiments 

5 lend to provide Isolation of RF signals from noise sources by high impedance paths between 
the noise signal and RF^ signal while maintaining a low impedajice dischtirgc path from pin to 
pin of the iiUcgraled circuit when presented with an OSD signal. Thus, the dual requirement of 
an RF' signal's need for isolation and an ESD circuit's needs for all pins to be connected lends 
to be achieved in the embodiments described above. 

! 0 Another conflicting requirement is an RF circuit's need to maintain small structures that 

reduce noise coupling and enhance bandwidth by reducing parasitic capacitance verses an ESD 
circuit's requirements for a large structure that will withstand a large ESD discharge current. 

FIG. 63 is an illustration of the eflect of parasitic circuit elements on an RJ- input signal. 
Parasitic effects tend to be more pronounced in a circuit structure with large physical 

1 5 dimensions such as a bonding pad. In a typical RF integrated circuit a bonding pad tends lo 
have dimensions much greater than the circuit elements present on the integrated circuit. In 
addition bonding pads arc aiiached lo pins of an integrated circuit often by wire bonds that 
increase the parasitic effects. Parasitic elements lend to produce the affects of a low pass filter 
6300. For simplicity the low pass Filter is shown as a scries resistor 6302 with a shunt 

20 • capacitance 6304. However in an actual circuit it is understood that this resistance and 
capacitance comprises distributed elements disposed along the length of the bond wire and pad 
slruciure. 

If an RF signal 6306 having a given bandwidth is presented to such a filtering structure 
6300, then the signal emerging at the other end is a band limited or filtered signal 6308. Such 

25 a distorted signal is undesirable. In the case of an analog RF input signal information, or the 
signal its self may be lost, in the case of a digital signal, limiting the bandwidth of the spectral 
componenls thai make up the pulse train causes distortion in the pulse train at the output. The 
capacitance 6304 tends to be produced predominantly by a bonding pad structure that separates 
the charge collected on the bonding pad from a ground underneath it, 

30 In an ESD protection circuit large bonding pads and large ESD structures are desirable 

to shunt large ESD currents lo ground without damage to the circuitry'. However, when such 
a large ESD structure or bonding pad is present RF signals tend to be degraded due to the 
parasitic effects. Large capacitance is desirable from an ESD design standpoint. Large 
capacitors tend to slow down a buildup of charge, and thus potential during an ESD event. 

35 In addition cross-talk is produced by a signal on one line being capacitively coupled to 

a signal on a second line distance between the lines must be maintained. A reference ring 
routed about the periphery of a chip with bonding pads placed on the core side tends to reduce 
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or eliminate the cross-talk that would occur between tliesc conductors if one were routed on top 
of the other. 

Returning to FIG. 59, in the state of the art power buses are typically disposed between 
the integrated circuit core 5902 and the pad ring 5906, with the bonding pads 5904 disposed 
about the periphco' of the chip 5900. in this arrangement a pad to core CDniicciion typically 
crosses the power buses perpendicularly. 

FIG. 64 illustrates a cross-talk coupling mechanism. A bonding pad 5904 disposed on 
the periphery of the die 5900 would require interconnecting traces 6404 to pass over ESD 
voltage and ground reference pad rings 6002, 6004. Any signal present on the integrated circuit 
track 6404 crossing over the ESD proiecliun rings 6002, 6004 arc capacilively coupled 6402. 
Signals on reference rings 6002 and 6004 will lend to be coupled onto trace 6404 and vice 
versa. Thus, it is desirable to place the bond pad 5904 within the periphery of the reference 



rings. 

In an embodiment bond pads 5904 arc disposed within the pad rings 6002, 6004. 

15 External connections are achieved with bond wire connections that cross over the pad rmgs. 
The crossover gap of the bond ware is much larger than the vertical distance between the circuit 
track 6404 and either of the reference rings 6002, 6004. 

FIG. 65 is an illustration of an ESD device disposed between a connection to a bonding 
pad and power supply traces. In a t)'pical IC layout a bonding pad 5904 is connected 6404 to 

20 an integrated circuit core 5902. Traces 6504 t>'pically cross power supply and ground lines 
6002 6004. An ESD device 6500 is typically disposed between the traces and the power supply 
buses. A parasitic capacitance exists between the traces 6404 and the power supply connections 
6002, 6004. Tliis parasitic capacitance reduces signal bandwidth and degrades noise 
performance because of the low pass filtering affect. Also, with this anangement a core circuit 

25 5902 must be distanced from the bonding pad 5904 to allow for the power supply traces 6002, 
6004 to pass between the pad and core. This prevents minimization of the distance between 
bonding pad and circuit core. Parasitic capacitance between power supply conductors and 
traces connecting the core to the bonding pad are not the only problem encountered with this 
configuration. In the current state of the art the bonding pads tend to increase parasitic 

30 capacitance. 

FIG. 66 is an illustration of parasitic capacitance in a typical bonding pad arrangement 
on an integrated circuit. In a typical integrated circuit a large bonding pad is disposed on the 
surface of the integrated circuit die 5900. To prevent pad peeling and liftoff one or more metaJ 
layers 6600 are disposed in a layered structure separated by semiconductor material or oxide. 
35 The two metal layers 6602, 6604 shown are coupled to the upper metal layer 5904 by multiple 
feed-throughs 6606 that provide electrical contact and mechanical sUbility to the uppermost 
bond pad 5904. With this structure multiple parasitic capacitance 6610 due to the layout are 
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present. These parasitic capacitances will couple to the substrate or any circuit traces disposed 
nearby such as a power and ground bus structure. 

PIG. 67 is an illustration of a embodiment of a bonding pad arrangement lending to 
reduce parasitic capacitances. A pad ring bus comprised of lines 6002, 6004, 6200 is disposed 
about the pcriplicry of the chip 5900. BSD devices 6702 arc disposed to the side of a bonding 
pad 6704. With this arrangement a bonding pad 6704 may be connected 6504 to a circuit block 
in the core 5902 with a minimum interconnecting trace length. The pad to core connection 
6504 does not overlap any power ground or ESD bus structure. Thus, cross-talk and noise 
coupling vvitli these siructures lends to be minimized. In addition the metal routing width from 
core to bonding pad is not restricted due to requirements that would be imposed by an ESD 
structure as described in FIG. 67. in an alternate embodiment that provides improved ESD 
handling capabilities, the ESD structures 6702 may be increased in size. 

In an alternative embodiment the ESD ground bus 6200 is placed at the periphery of tJie 
die. This bus tends to carr)' noise that is most disruptive lo circuit operation. Thus, it is 
desirable to space this bus as far as possible from a pad. In the alternate embodiment the 
ground bus is disposed between the ESD ground bus and the VDD bus lo reduce coupling 
between the ESD ground bus and the VDD bus line. 

FIG. 68 illusuates a cross section of the bonding pad structure of FIG. 67. The bond 
pad 5904 is reduced in size to the smallest dimension allowable for successful product 
manufacturing. A second metal layer 6802, further reduced in area as compared to the top layer, 
is utilized as an anchor lo hold ihc bonding pad abo\'C ii in place during a bonding process. 
With this arrangement a smaller number of feed-lhrouch connections 6606 are required. By 
eliminating multiple metal layers beneath the lop layer 5904 a distance between the lower bond 
pad 6802 and the substrate 5900 is increased. As predicted from the capacitance formula, when 
the distance is increased between capacitor plates the parasitic capacitance is decreased. The 
relationship is as follows: 

C = K6rx(Ayd) (13) 

where 

C = capacitance 

K = dielectric constant 

€r= the relative dielectric constant of 

the separating material 
A = area of the conducting plates 
d = distance between the conducting plates 
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As can also be seen from the equation the reduced area of the bonding pad results in a smaller 
capacitance. In addition, if the dielectric constant in the equation is lowered then the 
capacitance will also be lowered. 

A diffusion area 6804 is disposed beneath the bondinf- pads 5904,6802 to decrease the 
capacitance from bonding pad lo substrate. The diffusion area compri.scs a salicided diffusion 
implant 6804 lo further reduce parasitic capacitance coupling lo the substrate. This diffusion 
iirea 6804 ,s coupled to a potential 6806 that tends lo reduce a voltage difference between the 
diffusion layer 6804 and the bond pad structure 5904, 6802. 

FIGS. 69a-69e illustrate various ESD protection schemes utilized in the state of the art 
to protect an integrated circuit from ESD discharge due to charge build up on a die pad. 
Typically a large ESD structure (or clamping device) attached to an 10 pin of a CMOS 
integrated circuit allows a high ESD discharge current to be shunted to ground through u, 
However a large ESD structure on an 10 pin causes two problems. First dedicating a large area 
on an integrated circuit die to an ESD structure is undesirable. Die size is directly related to the 
cost of manufactunng making a minimized die size desirable. A second problem with a large 
ESD structure is a capacitive loading by the ESD structure on a signal present on the pin. The 
loading causes a decrease in bandwidth of the input signal, increased power dissipation, and 
exceeding the allowable specified input capacitance. A compact ESD protection strucmre that 
works in conjunction with over- voltage protection, has a fast response lime, will not be turned 
on by noise generated in normal operation, and provides a layout that may be used by multiple 
semiconductor foundries is described in the following paragraphs. 

In the past various structures 6902, 6904. 6906. 690S, 69 1 0 have been coupled lo IC die 
pads 5904 to shunt away harmful ESD levels. A common structure is the ggNMOS ESD 
Structure 6902. A ggNMOS transistor M 1 is utilized to shunt an ESD charge to ground. The 
source of Ml is tied to the pad, and the drain to ground. Equivalently the drain may be tied to 
a lower potential source. As ESD charge builds on the pad its voltage increases to a point where 
the ggNMOS transistor is triggered to conduct the ESD charge to ground. 

Internal capacitance in the ggNMOS transistor feeds a portion of the voltage established 
by a static charge to the ggNMOS transistor gate. When the voltage has risen to a suff.ciem 
level on the gate the transistor conducts. When conducting the transistor is in a low impedance 
state and all the static charge on the pad is shunted to ground. 

Until the gate voltage rises to a level to cause the transistor to conduct it is in an off. or 
high impedance state. In this slate the ggNMOS transistor tends to not disturb the signal on the 

Gate bias determines the effectiveness of this structure. In normal operation the gate ol 
the ggNMOS is biased off putting the NMOS in an off. or high impedance state. Under an ESD 
discharge condition the gate of the ggNMOS is biased high to turn on a channel under the gate 
oxide. The ggNMOS relies on the transistor's inherent capacitance from gate to drain ("Cgd") 
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1 to pul! the gale high when the pad is pulled high when a large electrostatic charge is present. 
Triggering is set by a voltage divider circuit comprising Cgd and resistor R. The electrostatic 
charge on the pad 5904 is divided down by the ratio of impedances of the capacitor Cgd and 
resistor R. 

5 Coupling through Cgd degrades in a typical cascodc over-voliagc prolcciion circuit. The 

ggNMOS cannot be used alone without a series cascode transistor 6904 when its voltage from 
drain to source (" VDS") exceeds a given electrical overstress limit. The ggNMOS M 1 utilizes 
a series cascodc stage M5, with its gate biased on, as shown at 6904 prevents Cgd from being 
directly coupled to a bonding pad 5904..subsianiia!ly impairing its effectiveness. To circumvent 

1 0 insufficient coupling of M 1 's Cgd to the pad tiircc other device configurations 6906, 6908, 69 1 0 
are known. 

The first device 6906 adds capacitor CI to the ggNMOS structure of 6902. CI is 
coupled from gate to source of Ml. CI increases the coupling elTect produced by the inJiereni 
Cgd of the ggNMOS. Unfortunately CI strongly couples the ggNMOS to the pad. Slight 

1 5 perturbations present on the pad during normal operation are directly coupled to the ggNMOS 
through the strong coupling. Thus, with the added coupling capacitor CI present, typical AC 
noise present on the pad lends to lum on the ggNMOS during nomial operation. 

The next circuit 6908 utilizes the same coupling capacitor CI as described in 6906. 
However, this coupling capacitor has one terminal tied to the gate of M 1 ajid the second 

20 terminal tied to a power supply voltage. During an ESD event the power supply is pulled high 
by ihc ESD voltage prescni on the pad. When the po\ver supply is pulled high the gate of the 
ggNMOS MI follows it to a high stale. However with this arrangement the gale of the 
ggNMOS is directly coupled to a noise typically prescni on a power supply line. Switching 
noise present on a power supply line lends to cause the ggNMOS MI to turn on. If a quiet, or 

25 filtered, power supply is coupled to capacitor C 1 an extra voltage drop caused by going through 
ESD protections of the quiet power supply would be required before the gale bias is pulled high. 
This causes an undesirably slow response lime. 

The third method 6910 utilizes a zener diode Zl connected with the positive terminal 
at the gate of Ml and its negative terminal to the source of Ml to pull the gate of the ggNMOS 

30 high under an ESD discharge. When an ESD-discharge event occurs the zener diode goes into 
a voltage breakdown mode allowing charge to flow to the gale of the ggNMOS Ml . The gale 
floats high and the ggNMOS turns on shunting the ESD current to ground. The drawback of 
this approach is that zener diodes are not available in standard digital CMOS process. 

FIG. 70 illustrates an approach to pad protection during ESD event. Electrostatic charge 

35 builds up on an. integrated circuit pad 5904. A shunt device 7002 is connected from the pin 
5904 to ground. The shunt device 7002 is in a high impedance state until sufficient charge 
builds up upon the pad 5904 to trigger the shunt device into a low impedance state. A low 
impedance slate allows all of the charge built up upon the pad to be shunted to ground before 



-114- 



wo 00/72446 PCT/lISOO/,4683 

1 damage to circuitry coupled to the pad can occur. The shunt device is triggered by the ESD 
charge building on the pad. A divider circuit comprising a capacitivc element 7006 in scries 
wiih a resistive cicmcni 7004 arc coupled between the pad 5904 and ground. The junction of 
the capacitivc and resistive cicmem is used as a trigger to the shunt device 7002. When a preset 

5 trigger voltage is reached the shum device is activated into a low impcdimcc stale. 

FIG. 71 is a schematic of a circuit immune to noise that uses an ggNMOS' Cgd and a 
gale boostmg structure to U-igger ESD protection. In this configuration diode CR 1 , transistors 
M2 and M3 are all disposed in an n-well biased at a voltage V to form a gate boosting structure 
7102. The source and drain of M3 are coupled to the n-well 710. The source of transistor M2 

10 is lied to a quiet power supply V. Power supply V is used to provide back gale bias in the 
N-well. CRI is made by a P+ diffusion into the n-well. Typically only one qmel power supply 
is sufficiem to bias the entire chip. This is because CRI is fabricated with small dimensions 
and dissipates little power. 

Transistor M3 is a HMOS transistor operating in its linear region to provide a MOS 

1 5 capacitor inherem to its construction between CR I and R 1 . The drain of M2 is coupled to the 
source of M3. The drain of M3 is coupled to the negative terminal of CRI. The positive 
temiinal CRI is coupled lo the pad 5904. The gale of M3 is coupled to a Hrsi lemiinal of 
resistor Rl , and a second tcrmmal of Rl is coupled to ground. The junction of the gate of M3 
and Rl is lied to the gate of MI and the negative terminal of CRI. The drain of Ml is lied lo 

20 pin 5904 and the source of M 1 is tied lo ground. Alternatively the ground connection is not at 
zero poicniial but some lower poienlial. Resistor Rl is fabricated as an ohmic resistor, or 
alternatively using other pulldown techniques known in the art. 

In normal operation M2 is turned on. This provides a low impedance patli from the 
n-well back gate 7100 which is the n-well that host 7102 to the quiet power supply V. The 

25 channel side, that is formed by the gale and conductive channel formed in the silicon bet^^'een 
the source and drain, of the MOS capacitor formed by M3 is thus tied to a low impedance 
source. Diode D 1 is reverse biased forming a high impedance path between M3 and pad 5904. 
Thus, a strong coupling between the MOS capacitor formed by M3 and the pad is not presem. 
Added inpul capacitance tends to be negligible by keeping the dimensions of diode CRI as 

30 small as allowed by a process' constraints. 

When electrostatic discharge occurs CRI becomes forward biased, providing a low 
impedance path from the pad 5904 to the capacitor formed by M3. In response the capacitor 
formed by M3 charges up, providing a "boosting" lo turn on the gale of Ml. By providing 
boosting to the gate of Ml the drain source channel in Ml is turned on quickly forming a low 

35 impedance connection from the pad 5904 to ground. The fast response time is particularly 
suitable for a machine model ("MM") and charge device model ("CDM") ESD discharge 
modes. 
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1 The MOS capacitor formed by M3 significantly increases the capacitance present on the 

gale of Ml. This allows Rl to be reduced in size to maintain the same time constant t 
(t=I/RxC) that would otherwise be required if M3 were absent. Without the presence of the 
capacitance of M3, Rl would be required to be in the range of hundreds of kilo-Ohms. 

5 Resistors of this value require n large ainounl of layout area. 

ThusRl andCRl do not require significant die area. The fabrication of M3 utilizes thin 
oxide to form the MOS capacitor also providing a compact layout of this device. Ml is also 
reduced in size because of the gate boosting provided. In the configuration described, Ml is 
biased at a higher gate source voltage allowing a channel lo conduct current more elliciently. 

10 'fhus, a given ESD current is capable of being conducted to ground with a smaller transistor 
M 1 . The dimensions of M 1 do not need to be made large in order to provide sufficient Cgd for 
gate boosting, since boosting is primarily accomplished through the capaciiajice supplied by 
M3. 

FIG. 72 is a schematic of an alternative embodiment utilizing the gate boosting structure 

15 and a cascode configuration. In an J/0 application the gate of the cascode liansisior is lied 
directly to a power supply connection. 

FIG. 73 is a schematic of an embodiment that does not require a quiet power supply. 
For a small amplitude signal, as in RP signal applications, the drain to gate coupling of M 1 will 
not turn on the chaiuiel of Ml. Under this condition a quiet power supply is not required, 

20 allowing M2 of FIG. 7] to be eliminated. In this embodiment the pad is coupled to a silicon 
substrate through the N-well capacitance of diode CF<2. The PMOS capacitor M3 of FIG. 71 
is replaced by a metal capacitor that reduces total n-well area coupled through CR2. The 
configuration fiirlher reduces pad capacitance while still allowing gate boosting of shunting 
transistor Ml during an ESD discharge. 

25 The details of ESD protection are disclosed in more detail in U.S. Patent Application 

No. 09/483,551 filed January 14, 2000 (8600:34208) entitled "System and Method for ESD 
Proteclion" by Agnes N. Woo, Kenneth R. Kindsfatcr and Fang Lu based on U.S. Provisional 
Application No 60/116,003 filed January 15, 1999; U.S. Provisional Application No. 
60/1 17,322 filed January 26, 1999; and U.S. Provisional Application No. 60/122,754 filed 

30 February 25. 1999; the subject matters of which are incorporated in this application in their 
entirety by reference. 

IF AGC AMPLIFIER 

The VGA and PGA/LNA have characteristics in common that allow interchangeability 
35 in alternative embodiments. 

FIG. 74 is a block diagram of a variable gain amplifier ("VGA'O 3403. The VGA 
produces a signal that is a reproduction of a signal input to it at an amplified level. The 
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amplified level in a VGA is capable of being varied. A variable gain is accomplished through 
the use of one or more control signals applied 10 the amplifier. 

VGAs arc frequently used lo maintain a consliuil output signal level. VGAs do this by 
vao'ing the amplifier gain to compensate for varying input levels. In the case of strong or weak 
signals it is desirable to maintain a linear gain lor input verses cmipui signals with lit.le noise 
added. Maintenance of a linear gain reduces distortion for high level input signals. VGAs are 
often used in IF or RF strips to compensate for prior losses or weak signal reception. 

In a linear gain, a 1 dB increase in sinusoidal input signal level produces a I dB change 
in the output signal level at that same frequency. A gain of this nature is termed a "linear 
response" If a I dB change is no! produced, this is indicative of an available power being 
diverted to produce a signal at another frequency of operation. A signal at a frequency other 
than desired often interferes with the signal being amplified and is termed distortion. Thus, the 
linearity of an amplifier is a figure of merit, the greater the linearity the better the quality ofthe 
amplifier. Amplifiers that utilize compensation circuitry- and differential signal transmission 
tend to have improved linearity. 

VGA compensation circuitry controls V,, For a large input signal, linearity and low 
gain is required. With a reduction in good linearity and low gain are achieved. If a small 
signal ,s input to the amplifier, V. is increased. The increase in V, causes one or more 
MOSFETs internal to the VGA lo be biased in the active region. Active region bias allows for 
high gain and low noise to be achieved simultaneously. The VGA utilizes a current steering 
method of applying control signals to provide an extended gain range VGA. The control of V,. 
allows the production of a linear ouiput when a large signal is applied to ilie input. 

The VGA has a differential inpul comprising two signals, +Vi„ and -V.. 7408. The VGA 
has a differential current output comprising two signals, and -1,„,. In the embodiment 
showTi the differential current signals are applied to a first and second resistor Rl and R2 to 
produce a differential voltage output, +V^. and -V^, 7410 respectively. Equ.valently the 
cunent outputs may be applied to work against any impedance to generate a voltage output. 

A set of three control signals 7404 are supplied to the VGA 3403 from a linearization 
circuit 7402 TTie linearization circuit 7402 produces the three control signals 7404 that are 
derived from a single control signal. V. 7406 through compensation circuitry. Control signal 
V tendstobeproportionaltothegaindesiredinlheVGA3403. The three control signals 7404 
cJntrol the VGA in a manner such that a desired gain and a desired linearity lend to be produced 
by the VGA. 

The linearization circuit is stimulated by the control signal V. 7406 .s supplied by an 
external DSP chip. The control signal applied to the linearization circuit 7402 is shaped in a 
predetermined way. Agoal of shaping the control circuit istoproducethe second setofcontrol 

signals 7404 that are applied to the VGA 3403 to produce a desired VGA gain Uansfer function, 
measured in decibels, that changes linearly with the applied control signal V, In the 
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1 embodiment shown is a voltage, however a control circuit may be equivalently supplied, in 
an alternate embodiment the overall transfer function of the VGA is configured to yield a linear 
function of gain as measured with linear units versusconlrol voltage by appropriately adjusting 
the linearization circuit through the application of a log to linear conversion current. 

5 In addition to shaping Ihc gain transfer function, another function of the lineari'/iilion 

circuit is to control signals that control the VGA to produce the desired low distortion output. 
The second set of control signals 7404 are shown as a bussed line 7404. The second set of 
control signals comprise a voltage VDl, and a pair of control currents: iSig and iAtten. The 
second set of control signals 7404 lend to produce a Wwciir change in gain with variation of the 

10 control signal while maintaining an acceptable distortion level in the VGA. 

The three control signals are generated by two subcircuits in the linearization circuit: a 
current steering circuit and a drain voltage control voltage signal generation circuit. The current 
steering circuit produces two signals, iSig and iAtten. The drain voltage conuol signal voltage 
generation circuit produces one signal, VDl . 

15 FIG. 75, is a block diagram of the internal configuration of the VGA and the 

linearization circuit. The VGA and linearization circuit to implement current steering and Vj, 
control of the VGA are described as a separate function block. However, llie functions 
described may be equivalently merged into the circuit functional blocks of the other. 

Tlie VGA 3403 is constructed from two cross coupled differential pair amplifiers 7500 

20 7502. A first differential pair amplifier 7500 includes two transistors M4 and Ml 0. A second 
differential pair amplifier 7502 includes transistors VI 13 and iV114. The first and second 
dilTerenlial pair amplifiers are driven in parallel by a differential input voltage 7408. When 
referenced to ground, the differential input voltage applied to each amplifier simultaneously is 
denoted +Vj^ and -V,„. 

25 The differential pair amplifiers have differential current outputs +11, -II, +12, -I2-, that 

arc combined to produce a differential VGA output comprising and -l^^,. The first 
differential pair amplifier 7500 has differential current outputs +11 and -1 1 that are sinusoidal 
and 1 80 degrees out of phase from each other. The second differential pair amplifier 7502 has 
differential current outputs +12 and -12 that are sinusoidal and 1 80 degrees out of phase from 

30 each other. VGA output current +\^^^ results from the combination at node 7505 of out of phase 
currents -1 1 and +12. VGA output current -I^, results from the combinalion at node 7507 of out 
of phase currents +11 and -12. Note that the currents described above having a minus sign 
prefix, -11,-12, are generated in response to input voltage -Vj„, and the currents with plus sign 
prefixes, +11, +12, are generated in response to +Vi„. 

35 A V^ control circuit 7504 within the VGA 3403 supplies a V^, control voltage that is 

applied to nodes 7505 and 7508. The V^ control circuit' receives an input VDl fi-om a VDl 
control signal generation circuit 7510 that is a part of the linearization circuit 7402. In 
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altemaliveembodimentstheV,controlcircuitismergedintotheVDlco„m>lsign^^ 

A 'current steering c.rcuit 75 1 2 in the gain control c.rcui, 7402 suppltes conlrol signals 
iSie and iAUen. The s.gnal iS.g .s a control input to the f.rs, differerUial pair ampl.fi er 7500. 
The signal iAl.en is a control input to the second differential pair .n.pl.f .cr 7500. 

In the embodiment shown the VGA 3403 is configured to operate at an IF frequeticy. 
However it is understood that the VGA may be conf.gured. by appropriate component selection 
,„ function at any desired frequency. In anIF strip, the addition ofa VGA maintains a constant 
IF output as the input varies. This is accompl.shed by adjusting the gain of the X OA. A \ OA 
is useful in any situation where a signal presented to a circuit is of unknown or v..,ablc 

''""'''l^unctionallv the VGA maintains a constant level at its output so that subsequent 
circuitry may be designed that tends to have better perfonnance and less noise. In alternate 
cmbod.ments, the variable ga.n amplifier may be u.sed a, Rf or other f-q--"; 
signal level variations in a circuit. For example in an embodiment, a VGA 3403 as described 
„,ay be used in the RF from end 3408 to control the RF signal level that is applied to a receiver 

The overall gain of the VGA is attributable to the individual gain contributions of 
transistors MIO M4, M13 a.id MM that produce a currem gain. In an embodiment the VGA 
voltage gain is set by providing resistance a, the .1., and -1., terminals to establish a vol age 
output, and thus a voltage gam for the an.phficr. The cxemplao' embodiment includes fie d 
effect transistorsC'MOSFETs-). Equivalently.othertransistortypesmay be substitute for the 
MOSFE fs utilized in the exemplar>- embodimem. A pair of control currents iSig and lAtten 
and a control voltage VDl are principally used to provide an extended range of available X GA 
gain and a linear in dB VGA amplifier transfer function that provides a desired Imear.ty. 

Two methods of gain control are utilized m the exemplary VGA. The first method .s 
V, control that controls noise and linearity while reducing VGA gain when large signals are 
apilied. the second is current steering that provides an extended range of available VGA gam. 
The set ofthreecontrol signals 7404includeiSig.iAttenandVDl. 

In the first method of V, control, gain and linearity in the output of the VGA tend to be 
controlled by adjusting each of four transistors' M4. MIO, M13. M14 dram source voltages 
rv .) of the transistors to control a uansductance ("g„") associated with each uans.stor. If a 
dra*: source voltage V,. across a MOSFET device MIO. M4. M,3. M14 is reduced a g 
transfer chanctenstic of that transistor, which is a fttnction of input voltage, becomes fiatter. 
The flatter the b„ transfer function the more linearly the transistor tends to operates. The V 
of all four transistors is controlled in order to manipulate an overall g„ charactenst.c for the 
VGA. 
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The gain control method tends to reduce VGA output distortion by tending to 
improve the linearity of the VGA. To improve the linearity, the V^, of the transistors are 
reduced yielding better linearity in conjunction with a transistor operating point on a nailened 
curve. As an input signal's strength increases, V^, is reduced providing a linear response 
VGA. Reducing V^^ also tends to conlribuic to VGA gain control. For small input signals as 
Vj^ is increased the MOSFETs become biased in the active region where high gain and low 
noise operation is obtained. The main effect of reducing V^^ lends to be control of the lineiu-ity 
of the VGA amplifier. 

In the second method, current steering control, currents iSig and iAtien tend to set 
amplifier gain over a large range. An increase in the control current iSig tends to increase gain 
by causing an increase in overall amplifier g„, while an increase in iAtten tends to decrease gain 
by causing a subtraction of overall amplifier g^. 1-or certain type and size MOSFETs, the 
relationship between iSig, i Allen and g„ is as shown in equation (14) 



where 

iAiien = - Isig 

K = a constant of proportional it)' 

For other sizc/iypc transistors this relationship may not hold, but the idea is Still 
applicable. The g„s of each transistor MIO, M4. M13, M14 is controlled to adjust gain. This 
is accomplished by subtracting, or adding currents through control lines iSig and iAtten to boost 
or reduce the VGA g^, as required. Control signals iSig and iAtten control amplifier gain by 
adjusting an overall g^ of the amplifier. A fixed available control current is available for 
controlling VGA gain through the iSig and iAtten control lines. Gain is controlled by 
selectively steering the available current into the appropriate control line. For large VGA signal 
inputs, the linearity produced in a VGA from current steering tends to be improved by the 
addition of the V^^ control circuit. 

A single stage VGA amplifier with linearization circuitry as described above that utilizes 
current steering and V^, control could yield a gain control range in excess of 40 dB. 

The second method of VGA gain control is V^, control. Linearity in amplifier output 
tends to be improved by V^, control or "V^, squeezing." With current steering, no provision is 
made for improving linearity once the input signal becomes large. 

Linearity is typically determined by the g^ of each of the two differential amplifier 
stages. The first stage comprises MIO and M4. The second stage comprises Ml 3 and M 14. 
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The embodimenl described tends to have an increased linearity of 26 dB, corresponding to a 
factor of 20 improvement in linearity over that typically available. 

VGA operating conditions delemiific the distribution the currents iSig and iAiicn. 
When a small signal is applied to the input terminals +V,., and -V.,., it is typically desirable to 
amplify (he signal wilh a high gain selling. Transistors MIO and M4 arc coupled to the 
differential outpui so that iheir g,„s lend to conirihule (o VGA overall gain. However, 
transistors M 1 3 and M 1 4 are coupled lo the VGA outpui so thai their g,„s lend lo decrease VGA 
gain through a g,„ subtraction. Transistors M4 and M 1 0 are controlled by iSig, transistors M 1 3 
and M14 are controlled by iAtlen. 

For a high gain condition, g^ subtraction is undesired. 

Thus, for a high gain setting, it is desirable lo have most of the gam available from 
devices MIO and M4 contribuiing to the amplifier's overall gain. MIO and M4 are set for 
maximum gain by selling iSig lo a maximum current Correspondingly iAltcn is set lo a low 
value of current. In achieving a maximum gain, a control current is divided between iSig and 
iAtten such that a maximum current is present in the iSig line. 

In the low gain slate, the second differential pair transistors M 1 3 and Ml 4 are controlled 
by iAtten such thai they sublracl from the gain of MIO and M4. A large gain present for 
devices M13 and M14 creates a large gain subtraction in devices MIO and M4 which arc 
controlled by iSig to produce a minimum gain. 

Thus, when the signal input is small, minimum gain on M13 and M14 is desired and 
maximum gain on MIO and M4 is desired to produce maxmium VGA gain. When the input 
signal is large, a maximum gain on M13 and MI4 is desired and minmium gain on MIO and 
M4 is desired lo produce minimum VGA gain. 

FIG. 76 is a graph of gain versus the control current iSig. Control current iSig is shouTi 
as a fraction of iAtten, with the total currem being equal to l,or 100%. At the far right of the 
graph, a 0 dB reference is set corresponding to maximum amplifier gain of maximum amplifier 
g„. As iSig is reduced, control current iAtten is increasing proportionately causing the VGA's 
overall g„ and gain to decrease. 

Maximum VGA gain is desirable with a small input signal present at the VGA input. 
Maximum gain is achieved with a maximum current into the iSig control line and minimum 
current into the iAtten control line. As the signal at the VGA input becomes larger, it is desired 
to decrease the amplifier gain. A reduction in VGA gain is achieved by decreasing the current 
in the iSig line and increasing the current in the iAtten control line. A minimum VGA gain 
corresponds to maximum current in the iAtten control line and minimum current into the iSig 
line. 

Returning lo FIG. 75 ,the linearization circuit takes the externally supplied control signal 
7406 that is provided as a voltage and converts it to conU-ol signals 7404 that are current and 
voltage signals. In the current steering circuit 75 1 2 a maximum control signal voltage amplified 
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1 in the embodiment described corresponds to a maximum gain condition with iSig set to a 
maximum and lAtlen being set to a minimum. As the control voltage is decreased, iSig 
decreases and iAlten increases. 

The control voltage Vc 7406 is created by digital circuito' thai is responsive to the input 

5 level of the amplifier. In the embodiment described the gain control loop is closed in a digital 
circuitry domain located olTof chip thai produces conirol signal 7404. 

The output of the VGA is sampled la determine ifsufficienl signal strength is available 
for further signal processing. The sample is processed by an A to D convener into a digital 
signal, and ihe control voltage responsive to the level of the VGA output is created. 

10 Allemativcly, analog methods may be used lo sample the output and generate conlro! voltage. 
In an embodiment the VGA is utilized as an IF VGA. In allernate embodimenis the VGA is 
configured for used at other frequency bands that require an adjustment in gain. 

Stability of the AGC loop is maintained during changes in iSig and iAUen. Stability is 
achieved in the minimum gain setting by keeping iSig greater than iAtten. In the embodiment 

1 5 described iSig is prevented from becoming less than iAtten by the linearization circuit. If iSig 
becomes less than i Allen, phase inversion problems lend to occur causing a degradation in VGA 
pcrfomiance, disrupting automatic gain control ("AGC") loop performance in a receiver. This 
condition is prevented from happening by providing appropriate circuitr)' in the linearization 
circuit. 

20 Also with respect to AGC loop stability, a zero gain setting is undesirable. In the 

embodiment, the trajisistors are fabricated with identical dimensions, and it is possible to set 
the gain equal lo zero by making the iSig and iAtten currents equal. This is undesirable from 
a control loop stability standpoint. The linearization circuit provides appropriate circuitr)' 
preventing this condition from occurring. 

25 Maximum attenuation is determined by how close iSig is allowed to approach iAtten 

in value. Thus, the maximum attenuation achieved is dependent upon the stability that is 
permissible as iSig approaches iAtten. 

FIG. 77 is the schematic diagram of an embodiment of the VGA. The VGA has a 
control circuit to control the V^, of M 1 0 and M 1 3 at node 7505, and the V^ of M4 and M 1 4 at 

30 node 7507. 

A control voltage VDI is generated by the linearization circuit 7510 and applied to 
control a differential amplifier U 1 . The negative input of U I is coupled lo node 7505, and the 
positive input of Ul is coupled to node 7507. 

A transistor Ml has its source coupled to node 7505, its drain comprises the 
35 terminal of the VGA. The gale of transistor Ml is coupled to the positive output of Ul. A 
transistor M2 has its source coupled to node 7507, its drain comprises the -Iqu, terminal of the 
VGA. The gate of transistor M2 is coupled to the negative output of A 1. 
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1 The squeezing is utilized since it tends to improve linearity. As the control signal 

voltage increases, the control voltage VDl decreases tending to decrease the VGA gain. As 
previously discussed, iSig is decreasing and iAtlcn is increasing to achieve the desired decrease 
in VGA gain. Concurrently v^ith V^, squeezing, the V^ of all four transistors M 1 0, M4, Ml 3, 

5 M 1 4 also tends to decrease with increasing inpiii signal level due to the application ofa variable 

DC voltage at the transistor source leads. A DC voltage is fixed at nodes 7501 and 7503. Thus, 
the way available to reduce V^^ for M 1 0, M4, M 1 3. and M 1 4 is to reduce the DC voltage at the 
and terminals. A variable voltage source is connected at each node and -1,,^, - 
7505,7507. 

10 The sources of M13 and MM are coupled in common lo node 7503 im6 to the control 

signal iAttcn. Control signal iAtien lends to cause a decrease in amplifier gain, while control 
signal iSig lends lo increase amplifier gain. The sources of MlO and M4 are coupled in 
common to iSig at node 75 1 0. The drains of M 1 0 and M 1 3 are coupled in common to provide 
an output signal The drains of M4 and M 1 4 are coupled in common to provide an output 

15 signal Inlhe exemplary embodiment input -V,„ is coupled to the gales of MlO and Ml 4. 
Input +Vi„ is coupled lo the gates of M4 and Ml 3. In the exemplary embodiment differential 
inputs and outputs arc shown in the amplifier. However, it is understood by those skilled in the 
art that a single ended configuration is equivalently produced by the use ofa device such as a 
balun. 

20 FIG. 78a illustrates a family of cuncs showing the relationship ofa transistor's drain 

current ("1/') lo its gale source voltage C'V^./') measured ai each ofa series of drain source 
voltages ("Vj^") from 50 mV to 1 V. From this graph a iransconduciancc. is delcrmined. 
Tlie following relationship defines a g„ curve for each V^^ value: 



25 g. = ciI,\dV^, (15) 

FIG. 78b is a graph of verses V^, as Vj, is varied from 50 mV to 1 V. To provide 
improved output linearity performance, it is desirable to operate a transistor on a curve of g^ 
that has a constant value and zero slope. As seen in the graph for a V^ of approximately 

30 50 mV, the curves of g„ verses V^, tend to be flat. As V^^ is increased, the curve begins to 
slope, indicating the presence of non-linearity in the output signal. As V^ increases the curve 
not only begins to slope, but it develops a bow, further complicating the compensation for the 
non-linearities at the higher level of V^,. These irregularities in g„ tend to be the sources of 
non-linearities in the output of the amplifier. Thus, it is desired to provide a flat g„ response 

35 lo produce a more linear transfer function for the VGA by controlling V^. 

FIG. 78c is a graph of the cross-section of FIG. 78b plotting g„ verses V^, for various 
values of V^,. As changes from approximately 200 mV lo 500 mV, g„ changes from 
approximately 5 mS to 1 3 mS. The change in g„ from 5 mS to 13 mS by changing V^, may be 
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used 10 comrol gain. Thus, as is decreased, the gain is decreased. Control of V,. provides 
approximately 9 dB of gain control range. 

Within the range of V,,. graphed between the vertical bars 7801, the value for g 
remains essentially the same for a range of V,, input signal from 1.2 V to 1.4 V. Thus by 
controlling V„ from 200 mV to 600 mV approximately 9 dB of gain control is provided. 

When control ofV,, is combined with the g„, .subtraction method previously described 
the linear output signal is maintained. In addition approximately 8 dB to 9 dB of gain control' 
in addition to that provided by g„. subtraction contributes to provide overall VGA gain control 
on the order of 30 dB, in the exemplao' embodiment. 

Output linearity is often quantilized by measuring an inlermodulalion product produced 
by two input signals present at differing frequencies (f, and f, 302 and 304 respectively of 
FIG.3). For the VGA a two tone intermodulaiion ("IM") product test is utilized, and the 
distortion as represented by the third order intermodulation product (308 of FIG. 3) is measured. 
Approximately a 26 dD decrease in the third order IM product (308 of FIG. 3) tends to be 
achieved in the exemplar)- embodiment. 

With the input signal maintained at a conslaut level, the output signal at +1„„, and -I 
is measured as gain squeezing is performed. Improvement is measured as compared to 
adjusting gain without utilizing gain squeezing. A reduction in third order intermodulation of 
approximately 25 dB is measured as is squeezed within a range of approximately 1 50 mV 
to 200 mV. Utilizing a test having two tones at 44 MHz and 45 MHz typically produces third 
order intermodulation product components at 43 MHz and 46 MHz. With this test, 20 dB to 
25 dB improvement in third order intermodulation is obser^■ed in the exemplao' embodiment 
A t)'pical improvement of 20 dB is realized in the linearity of the output signal, 

FIG. 79 is a schematic of a current steering circuit. An external control signal V drives 
a differential pair amplifier 7910 including MCI, MC2, to ultimately generate iSig and iAtten. 
The iSig and iAtten are generated tlirough two current mirrors 7904, 7906. The fust current 
mirror 7904 comprises MC3 and MC6. The second current mirror 7906 comprises MC4 and 
MC5. The circuit maintains a fixed relationship between iSig and iAtten, defined by: 

= iSig + iAtten ,,,, 

(10) 

To guarantee that phase reversal does not occur, iSig must remain greater than iAtten at all 
times. By selecting to be slightly less than the minimum value of control voltage V, that 
will be present, iSig will remain greater than iAtten. 

In an embodiment of current steering circuit 75 1 2, a control voltage V. is applied to a 
differential pair amplifier 7910. In the exemplary embodiment, control signal V, ranges from 
0.5 V to 2.5 V. The 0.5 V corresponds to a minimum gain setting and 2.5 V corresponds to a 
maximum gain setting. Differential pair amplifier 7910 comprises two transistors MCI and 
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1 MC2. In the exemplary embodimenl, field effect transistors are used. Equivalcntly, other types 
of transistors may be subsliluted for field effect devices. The inputs to the differential pair 
amplifier arc the gates of MCI and MC2. The sources of MCI and MC2 are coupled in 
common to a current source !,„,. Current source is in turn coupled to a supply voltage V^.^.. 

5 Current source is conventional current source constructed as is known by those skilled in the 
art. 

flic drains of MC 1 and MC2 mv coupled to current mirrors 7904 and 7906, respectively. 
Control vohage is coupled to the gale of MCI and a voltage reference is coupled to the gale 
of MC2, Voltage reference \\,( is typically consimcied us conventional voltage source known 

)0 to those skilled in the art. The currents present in the sources of MCI and MC2 drive current 
mirrors 7904 and 7906, respectively. Current mirror 7904 comprises transistors MC6 mid MC3. 
Currenl mirror 7906 comprises transistors MC4 and MC5. fhese current mirrors are 
constructed conventionally as is known by those skilled in the art. Output of currenl mirror 
7904 and 7906 consists of the control signals iAtien and iSig. 

15 FIG. 80 is a schematic of a VDl control signal generation circuit. Conu-ol signal is 

fed to the positive input of a differentia! amplifier U2. Signal ended output of amplifier U2 is 
fed into the gate of transistor MC9. The source of MC9 is connected to the negative input of 
U2. The source of MC9 is also coupled to a first terminal of a resistor Rl . A second temiinal 
of Rl is coupled to ground, fhc drain of MC9 receives a currenl i„ that is supplied by a drain 

20 of U-ansisior MC7. The drain of MC7 is coupled to the gate of MC7. The source of MC7 is 
coupled to a supply voltage V^^. The gate ofMC? is coupled to iJie gate of MC6. The source 
of MC6 is coupled to a supply voltage v;^. The drain of MC6 is coupled to a first icmiinal of 
a resistor R2. The second terminal of resistor R2 is coupled to node iOOl. The node formed 
by coupling MC6 to R2 supplies control signal VDl . Together transistors MC7 and MC6 form 

25 a currenl mirror 800 1 . 

Control current V, sets up the control current i,, through amplifier U2, resistor Rl and 
transistor MC9. Current i^, is mirrored through u-ansistor MC7 and MC8 of the current mirror. 
The current generated in the drain lead of MC6 creates a voltage across resistor R2 as reference 
to the voltage present on node 7501 . Thus, Rl and R2 are sized properly to control across 

30 MIO, M4, M13 and M14. For example, VDl can range from 100 mV to 600 mV. This 
condition corresponds to a = 05V at a minimum gain maximum input condition and a 
= 2.5V maximum gain minimum input signal condition. 

In alternative embodiments, control voltage V, may be subjected to conditioning by 
temperature compensation circuitry and linear in dB transfer function compensation before 

3 5 being applied to the VD 1 generation circuit 7510. 
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The details of VGAs are disclosed in more detail in U.S. Palent Application 

No. 09/547,968 filed April 1 2, 2000, (3600:36598) entitled "Large Gain Range. High Linearit)-, 
Low Noise MOS VGA" by Arya R. Behzad; based on U.S. Provisional Application 
No. 60/129.133 filed April 13. 1999 (B600:34440), the subject of which is incorporated in this 
application in its entirety by reference. 
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1 . An inlcgralcc! VCO comprising; 
a substrate; 

5 a VCO liming coriirol circuit rcsjmnsivc lo a VCO stale variable that is disposed 

upon the substrate; and 

a VCO disposed upon the substrate, having a tuning control voltage input falling 
within a VCO tunhig range for adjusting a VCO frequency output, and having the tuning range 
adjusted by the tuning control circuit in response to the VCO stale variable. 

10 

2. The integrated VCO of claim 1, wherein the VCO state variable is the tuning 
control voltage. 

3. The integrated VCO of claim 1 , wherein ihe VCO tuning control circuit further 
1 5 mcludes a feedback network having a resonant frequency that varies with the tuning control 

voltage input ajid a set of control signals that act on the feedback network to change the tuning 
range. 

A. The integrated VCO ofclaim 3, wherein ilie feedback network further includes 
20 a bank of ssvitched capacitors acted upon by the set of control signals to change the tuning 
rimge. 

5. The imcgraicd VCO of claim 1. wherein the VCO tuning control circuit includes: 
a window detector comparing a signal derived from a PLL loop filter output to 

25 a fixed voltage difference between an upper and a lower threshold that define a window; 

a compensation circuit coupled to the window detector that simultaneously 
adjusts the upper and lower thresholds in response to temperature and process variations while 
maintaining the fixed voltage difference; and 

a tuning register coupled to the output of the window detector generating a VCO 
30 mning range adjustment signal. 

6. The integrated VCO of claim I , wherein the VCO is a negative g„ LC oscillator 

7. The integrated VCO of claim 1 , wherein the VCO includes NMOS transistors 
35 configured lo provide a capacitance that varies in response to an applied control voltage. 

8. The integrated VCO of claim 1, wherein the VCO includes an adaptive bias 

circuit. 
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9. The inleyraied VCO of claim 8, in whicii the adaptive bias circuit includes a 
PMOS transistor having its source to drain coupled in series with a power supply line. 

1 0. The integrated VCO of claim 1 . additionally including an adjustable capacitance 
responsive to the tuning control voltage. 

11. The integrated VCO of claim 10, in which the adjustable capacitance includes: 

a first NMOS transistor configured as a varactor with its gate coupled to the 

second terminal of the first inductor and with its source and drain coupled to a control voltage 
source; and 

a second NMOS transistor configured as a varactor with its gate coupled to the 
second terminal of the second inductor and with its .source and drain coupled lo a control 
voltage source. 

12. The integrated VCO of claim 10, in which the adjustable capacitance includes: 
a first field effect transistor with its gale coupled to the second terminal of the 

first inductor and with its source and drain coupled lo a control voltage source; 

a second field effect transistor with its gate coupled to the second terminal of the 
second inductor and with its source and drain coupled to a control voltage source; ajid 

whereby the control voltage is applied at a virtual ground such that the adjustable 
capaciiaiKc formed is an adjustable capacitance in parallel with the scries of switched 
capacitors. 

13. The integrated VCO of claim 10, in which the series of switched capacitors 

include; 

a transistor switch; and 

a capacitance in series with the transistor switch. 

14. The integrated VCO of claim 1 3 in which the capacitance further comprises a 
metal fringe capacitor. 
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1 15. An integrated VCO comprising: 

a substrate; 

a VCO disposed upon the substrate, having an adjustable frequency output 
responsive to a control voltage that is variable within an adjustable tuning range; and 
5 a VCO tuning conlrol circuit responsive [o Icmperauirc and process variations 

and a tuning control voltage inpul falling within a fixed VCO tuning window, the window 
having a first threshold voltage in fixed relation to a second threshold voltage the first imd 
second threshold voltages being adjusted in fixed relation to each other to modify an adjustable 
tuning range of the VCO. 

10 

16. A method of controlling stability of frequency output of a voltage controlled 
oscillator (VCO) over temperature and process variations, the VCO having a tank circuit with 
a tank circuit resonant frequency, the lank circuit including switched capacitors and varaciors, 
the varactors being responsive to a varactor bias frequency output control voltage, the method 
15 comprising: 

providing a temperature and process dependent moving voltage window, ihe 
temperature and process dependent moving voltage window defining upper and lower limits of 
a VCO voltage control range and maintaining a constant differential voltage between the upper 
ujid lower limits; 

20 deriving VCO control voltages from the temperature and process dependent 

moving voltage windo\v; and 

applying the VCO control voltages to the switched capacitors to set a frequency 
tuning range for the lank circuit. 

25 17. The method of claim 16, wherein the varactor bias frequency output control 

voltage adjusts frequency within the frequency tuning range set by the VCO control lines. 

1 8 . The method of claim 1 6, v^herein the temperature and process dependent moving 
voltage window is established by comparing a voltage derived from the varactor bias frequency 

30 output conlrol voltage with temperature and process dependent reference voltages. 

19. The method of claim 16, wherein the VCO forms part of a phase locked loop 
(PLL) and the applying the VCO control voltages to the switched capacitors to adjust the lank 
circuit resonant frequency is used to improve frequency lock for the PLL over the temperature 

35 and process variations. 
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20. A process for establishing a range of VCO control voltages that establish a PLL 
lock condition comprising: 

evaluating a stale variable derived from a PLL loop filter; 

comparing the state variable to a predefined sliding window comprising a fixed 
difference between an upper and i\ lower liinil. in which the upper and lower limits lo change 
in response to lemperaiure and process variations, while maintaining the fixed relationship 
between upper and lower limits; 

shifting zeroes through a shift register if the state variable exceeds the upper 
limit of the predefined sliding window to decrease the VCO tank capacitance; 

shifting ones through the shift register if the state variable is less than the lower 
limit of the predefined sliding window lo increase the VCO lank capaciiaiice; 

disabling tlie shifl register if the state variable falls within the predefined sliding 
window while continuing to monitor the stale variable; 

initiating a timer when the state variable falls within the predefined sliding 

window; 

timing the time the state variable remains within the predefined window- 
comparing the lime the slate variable remains within the predefined window lo 

a predefined lime limit; 

producing an inlock flag if ihu slate variable remains within the predefined 

window for a predefined lime; and 

disabling the control circuit upon completion of the tuning process. 

21. An integrated VCO comprising: 

a substrate means for supporting the disposition of an integrated circuit; 
a VCO means for producing a range of frequencies in response to a changing 
voltage input; and 

a VCO control circuit means for changing the range of frequencies produced in 
response to the changing voltage input through the use of a temperature and process 
independent sliding window. 
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